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INTRODUCTION 
Advances in molecular typing identified several subtypes of breast cancer which show distinct 
prognosis and responses to treatment, and the prevailing concept has been that these different 
subtypes originate from breast epithelial cells at distinct developmental stages, although recent 
findings begin to challenge this conjecture [1] [2] [3]. Nevertheless, it is imperative to better 
understand the molecular mechanisms of normal mammary gland development and apply this 
knowledge to pathophysiology of breast cancer. The Cbl family E3 ubiquitin ligases are critical 
regulators of tyrosine kinase-mediated signal transduction [4], and we and others demonstrated 
that the Cbl family proteins were required to maintain the homeostasis of the hematopoietic stem 
cell compartment [5] [6] [7]. However, the role of the Cbl family proteins in the epithelial 
stem/progenitor cells has never been examined. Therefore, we formed a hypothesis that the Cbl 
family proteins are required for the maintenance of stem/progenitor homeostasis in the mammary 
epithelium, and that loss of this regulatory control will enlarge the stem/progenitor pool and 
predispose the mammary gland to oncogenesis. To test this hypothesis, we proposed to employ 
two complementary approaches, one involving the use of a newly-established hTERT-
immortalized human mammary epithelial cell (hMEC) line (hereafter called TERT-hMEC) [8], 
and the gene knock-out mouse strains. 
 
BODY 
In order to test the hypothesis above, we proposed following Specific Aims: 

Aim 1. Define the role of the Cbl family protein in progenitor-type mammary epithelial 
cells in culture 
Aim 2. Define the role of the Cbl family proteins in mammary gland development and 
tumorigenesis in vivo. 

 
and following specific tasks were identified: 

Task 1: Define the role of the Cbl family proteins in progenitor-type mammary epithelial 
cells in culture (Months 1-18) 

1-a. Establish the base line for flow cytometry markers and flow-based functional 
analyses (Hoechst dye exclusion, ALDEFLUOR assay) (Months 1-6) 
1-b. Establish mammosphere culture and differentiation assay conditions for 
progenitor-type MEC lines (Months 4-9) 
1-c. Generate Cbl/Cbl-b double deficient human progenitor MEC lines using 
shRNA (Months 7-12) 
1-d. Characterize control and Cbl/Cbl-b double deficient MECs by flow 
cytometry and functional analyses (Months 13-24) 

Task 2: Define the biochemical pathways affected by Cbl/Cbl-b loss by microarray 
analyses (Months 13-24) 

2-a. Perform microarray analyses on control and Cbl/Cbl-b double deficient 
MECs growing in nondifferentiating conditions (Months 13-18) 
2-b. Perform microarray analyses on control and Cbl/Cbl-b double deficient 
MECs undergoing lineage differentiation (Months 19-24) 

Task 3: Define the role of the Cbl family proteins in mammary gland development and 
tumorigenesis in vivo (Months 1-24) 

3-a. Generate sufficient number of MMTV-Cre;Cbl(flox/flox);Cblb(-/-) for 
mammary gland transplant (Months 1-12) 
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3-b. Characterize transplanted mammary gland phenotypes by histology, 
immunohistochemistry and flow cytometry (Months 7-18) 
3-c. Characterize transplanted mammary gland phenotypes by serial 
transplantation and tissue regeneration assay (Months 13-24) 

 
In the previous report covering Sept. 2010 - Aug. 2011, we described the completion of 
following tasks: 

• Established the in vitro cell differentiation assay of the TERT-hMECs. 
• Generated inducible shRNA-mediated Cbl knock-down in the TERT-hMECs. 
• Demonstrated that acute Cbl knock-down inhibits TERT-hMEC differentiation in vitro. 
• Demonstrated that the mammary gland development is altered in MMTV-

Cre;Cbl(flox/flox);Cblb(-/-) mice. 
 
During the present reporting period (Sept. 2011 - Aug. 2012), we investigated the mechanisms of 
MEC differentiation and the roles of Cbl family proteins in this process using the reagents 
generated during the previous reporting period. 
 
We first confirmed that acute Cbl knock-down inhibits in vitro differentiation of the TERT-
hMECs. Previously, we defined cell differentiation based on morphology and 
immunofluorescence microscopy. While useful, these assays can be subjective, nor ideally suited 
for quantitative analyses. Therefore, we established a flow cytometry-based assay to define MEC 
differentiation. As shown in Figure 1, undifferentiated TERT-hMECs express EpCAM and 
CD49f on the cell surface. When cultured under differentiation-promoting conditions, two novel 
cell populations emerged, one characterized by the reduction of the surface EpCAM (EpCAM 
neg/lo) and the other with the high levels of EpCAM but the reduced expression of CD49f 
(EpCAM hi/CD49f int). Further studies revealed that the EpCAM neg/lo cells lost the expression 
of Cytokeratin 5 (K5) and elevated smooth muscle actin (SMA), consistent with myoepithelial 
differentiation. On the other hand, EpCAM hi/CD49f int cells were negative for SMA, but 
stained positive for MUC1, consistent with luminal differentiation. Using this system, we re-
evaluated the effect of acute Cbl knock-down with the inducible shRNA. As shown in Figure 2, 
we confirmed by flow cytometry that acute Cbl knock-down interfered with the TERT-hMEC 
differentiation as we previously reported based on morphology and immunofluorescence. 
 
We and others previously reported that Erk activity was upregulated in the absence of Cbl in 
various systems. Thus, we examined Erk activities in TERT-hMECs upon Cbl knock-down. As 
shown in Figure 3, Cbl-deficient MECs showed sustained Erk activation when stimulated with 
EGF, as expected. These results are, however, inconsistent with a recent report by Pasic and 
colleagues which demonstrated that sustained activation of Erk promoted myoepithelial 
differentiation of primary human MECs. Why did Cbl knock-down TERT-hMECs fail to 
differentiate in spite of sustained Erk activation? It is conceivable that this is due to intrinsic 
differences between the primary MECs used by Pasic et al. and the hTERT-immortalized MECs 
in our system. To address this, we substituted EGF in the differentiation-inducing culture media 
with other EGF receptor ligands which are known to induce varying degrees of Erk activation, 
and compared their effects. As shown in Figure 4, when EGF was substituted with amphiregulin 
(Areg), TERT-hMECs only differentiated into luminal cells whereas TGF alpha, another EGFR 
ligand supported only myoepithelial differentiation. These results were confirmed by 
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morphology, immunofluorescence and flow cytometry. Consistent with previous reports [9], 
engagement of the EGFR with Areg led to a transient phosphorylation of Erk whereas the 
stimulation with TGF alpha resulted in a sustained activation of this pathway (Figure 5). Thus, 
we conclude that the TERT-hMEC system is capable to recapitulate the Erk-dependent MEC 
differentiation reported in primary human MEC. 
 
Then, why does the Erk activation induced by the loss of Cbl lead to impaired differentiation of 
MECs? As an initial effort to address this question, we probed Cbl-deficient TERT-hMECs with 
antibodies against Akt and found that Akt phosphorylation was enhanced (Figure 6). This is 
consistent with previously-reported roles of Cbl as a negative regulator of the PI3 kinase-Akt 
pathway [10]. Among various downstream effectors of the Akt pathway, GSK-3 beta is a 
ubiquitously expressed serine/threonine protein kinase whose activity can be inhibited by Akt-
mediated phosphorylation at Ser9. Active GSK3 phosphorylates beta catenin and promotes its 
degradation [11]. Thus, inhibition of GSK3 activity, i.e., increased phosphorylation at Ser9, is 
linked to stabilization of beta catenin. While phosphorylation of beta catenin by GSK3 is a signal 
for destabilization, phosphorylation of this protein at Ser552 is known to induce protein 
accumulation, nuclear transport and subsequent elevation of the transcriptional activity. As 
shown in Figure 6, phosphorylation of GSK3 beta at Ser9 (inactivating phosphorylation) and that 
of beta catenin at Ser552 (activating phosphorylation) was enhanced in Cbl knock-down TERT-
hMECs. Because enhanced beta catenin activity is associated with stem cell maintenance in 
various systems, we consider that the activation of the beta catenin pathway may be a potential 
mechanism behind inhibition of MEC differentiation in the absence of Cbl. 
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Figure 1. Flow cytometry analysis of hTERT-immortalized hMEC differentiation. Cells 
maintained under non-differentiating (DFCI-1 medium, left) or differentiating (MEGM medium, 
right) conditions were stained with antibodies against EpCAM and CD49f and analyzed by flow 
cytometry. L, luminal population; M, myoepithelial population. 
 

 
Figure 2. Effects of acute Cbl knock-down on TERT-hMEC differentiation. In the absence of 
doxycycline, i.e., with normal Cbl expression (-DOX, left), 27.3 % of the cells differentiated into 
luminal and 22.8 % of the cells differentiated into myoepithelial cells. However, when Cbl 
shRNA was expressed by doxycycline (+DOX, right), cell differentiation was significantly 
inhibited. 
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Figure 3. Cbl knock-down prolongs Erk activation. TERT-hMECs were either pre-treated with 
doxycycline to induce Cbl knock-down or left untreated, starved of EGF for 48 hours, stimulated 
with EGF and cell lysates were analyzed by immunoblotting for phosphorylated Erk. 
 

 
Figure 4. Effects of various EGF receptor ligands on the TERT-hMEC differentiation. EGF was 
substituted with various EGF receptor ligands, i.e., amphiregulin (Areg) or TGF alpha in the 
differentiation-promoting MEGM. 
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Figure 5. Biochemical consequences of EGF receptor engagement with various ligands. TERT-
hMECs were starved of EGF for 48 hours prior to stimulation with indicated ligands. Cell lysates 
were analyzed by immunoblotting. 
 

 
Figure 6. Cbl knock-down enhances beta catenin activation. TERT-hMECs were either pre-
treated with doxycycline to induce Cbl knock-down or left untreated, starved of EGF for 48 
hours, stimulated with EGF and FGF and cell lysates were analyzed by immunoblotting. 
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KEY RESEARCH ACCOMPLISHMENTS 
• Established flow cytometry-based mammary epithelial cell (MEC) differentiation 

analysis platform 
• Investigated the effects of various EGF receptor ligands on the MEC differentiation and 

demonstrated that the in vitro TERT-hMEC line model is well suited to recapitulate 
previously-published results on primary human mammary epithelial cells 

• Obtained preliminary data indicating that, while enhanced Erk activation predisposes 
MECs to differentiate into myoepithelial cells when this activation is delivered through 
EGF receptor engagement, additional pathways are likely to participate in the ultimate 
cell fate decision. 

 
REPORTABLE OUTCOMES 

Manuscripts, abstracts, presentations: 
Review article on Cbl: 

• Nadeau S, An W, Palermo N, Feng D, Ahmad G, Dong L, Borgstahl GEO, 
Natarajan A, Naramura M, Band V, Band H. Oncogenic signaling by 
leukemia-associated mutant Cbl proteins. Submitted. 

 
• Mohapatra B, Band H, Ahmad G, Nadeau S, Zutshi N, An W, Scheffee S, 

Dong L, Feng D, Goetz B, Borgstahl G, Natarajan A, Raja SK, Naramura 
M, Band V. Protein tyrosine kinase regulation by ubiquitination: critical 
roles of Cbl family ubiquitin ligases. Submitted. 

 
Mammary epithelial cell biology: 

• Helikar T, Kochi N, Kowal B, Dimri M, Naramura M, Raja SM, Band V, 
Band H, Rogers J. Src induces EGFR internalization under EGF-deprived 
conditions: a systems approach. Submitted. 

 
• Ortega-Cava CF, Raja SM, Laiq Z, Bailey TA, Luan H, Mohapatra B, 

Williams SH,  Ericsson AC, Goswami R, Dimri M, Duan L, Band V, 
Naramura M, Band H. Continuous requirement of ErbB2 kinase activity 
for loss of cell polarity and lumen formation in a novel ErbB2/Neu-driven 
murine cell line model of metastatic breast cancer. J Carcinog. 
2011;10:29. Epub 2011 Nov 30. PubMed PMID: 22190871; PubMed 
Central PMCID: PMC3243085. 

 
• Bailey TA, Luan H, Clubb RJ, Naramura M, Band V, Raja SM, Band H. 

Mechanisms of Trastuzumab resistance in ErbB2-driven breast cancer and 
newer opportunities to overcome therapy resistance. J Carcinog. 
2011;10:28. Epub 2011 Nov 30. PubMed  PMID: 22190870; PubMed 
Central PMCID: PMC3243087. 

 
Other research articles published during this grant period: 

• Mohibi S, Gurumurthy CB, Nag A, Wang J, Mirza S, Mian Y, Quinn M, 
Katafiasz B, Eudy J, Pandey S, Guda C, Naramura M, Band H, Band V. 
Mammalian alteration/deficiency in activation 3 (ada3) is essential for 



	   11	  

embryonic development and cell cycle progression. J Biol Chem. 2012 
Aug 24;287(35):29442-56. Epub 2012 Jun 26. PubMed PMID: 22736770; 
PubMed Central PMCID: PMC3436190. 

 
• Tu C, Ahmad G, Mohapatra B, Bhattacharyya S, Ortega-Cava CF, Chung 

BM, Wagner  KU, Raja SM, Naramura M, Band V, Band H. ESCRT 
proteins: Double-edged regulators  of cellular signaling. Bioarchitecture. 
2011 Jan;1(1):45-48. PubMed PMID: 21866262; PubMed Central 
PMCID: PMC3158637.  

 
Presentations 

• 2012 Midwest Student Biomedical Research Forum (Omaha, NE) 
• 2012 Gordon Research Conference on Mammary Gland Biology (Lucca (Barga), 

Italy) 
• 2012 Cold Spring Harbor Laboratory Meeting on Mechanisms and Models of 

Cancer (Cold Spring Harbor, NY) 
 

Funding 
• Skala Fellowship awarded to Chandrani Mukhopadhyay (graduate student in the 

lab) 
 
CONCLUSION 
In the second year of this DOD-supported project, we primarily focused on the 
molecular/biochemical mechanisms of MEC differentiation. As shown here, sustained activation 
of the Erk pathway initiated by the EGF receptor engagement promotes MEC differentiation 
towards the myoepithelial lineage; these results are consistent with previous reports in primary 
human MECs and provide strong evidence that this cell line is a tractable model for normal 
human MEC differentiation. Loss of Cbl in the TERT-hMEC interfered with differentiation. 
Unlike hematopoietic system, loss of Cbl proteins in the epithelial compartment did not lead to 
cell expansion. A separate line of our own evidence (performed outside of the current DOD-
supported project) suggests that Cbl loss in the mammary gland does not predispose mice to 
mammary tumors. Taken together, these results are indicative of the presence of distinct 
mechanisms regulating the homeostasis of hematopoietic and epithelial systems which remain to 
be clarified.  
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Background: 

Well over a quarter of human breast cancers are ErbB2-driven and constitute a distinct subtype with 

substantially poorer prognosis. Yet, there are substantial gaps in our understanding of how ErbB2 

tyrosine kinase activity unleashes a coordinated program of cellular and extracellular alterations that 

culminate in aggressive breast cancers. Cellular models that exhibit ErbB2 kinase dependency and can 

induce metastatic breast cancer in immune competent hosts are likely to help bridge this gap. 

Materials and Methods: 

Here, we derived and characterized a cell line model obtained from a transgenic ErbB2/Neu-driven 

mouse mammary adenocarcinoma. 

Results: 

The MPPS1 cell line produces metastatic breast cancers when implanted in the mammary fat pads of 

immune-compromised as well as syngeneic immune-competent hosts. MPPS1 cells maintain high ErbB2 

overexpression when propagated in DFCI-1 or related media, and their growth is ErbB2-dependent, as 

demonstrated by concentration-dependent inhibition of proliferation with the ErbB kinase inhibitor 

Lapatinib. When grown in 3-dimensional (3-D) culture on Matrigel, MPPS1 cells predominantly form 
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large irregular cystic and solid structures. Remarkably, low concentrations of Lapatinib led to a switch to 

regular acinar growth on Matrigel. Immunofluorescence staining of control vs. Lapatinib-treated acini 

for markers of epithelial polarity revealed that inhibition of ErbB2 signaling led to rapid resumption of 

normal mammary epithelium-like cell polarity. 

Conclusions: 

The strict dependence of the MPPS1 cell system on ErbB2 signals for proliferation and alterations in cell 

polarity should allow its use to dissect ErbB2 kinase-dependent signaling pathways that promote loss of 

cell polarity, a key component of the epithelial mesenchymal transition and aggressiveness of ErbB2-

driven breast cancers. 

Keywords: 3-D Matrigel, EMT, ErbB2/Her2/Neu, lapatinib, mouse models, syngeneic xenografts 

ErbB2 (Her2/Neu), a member of the ErbB family of receptor tyrosine kinases (RTKs), is overexpressed 

and causally linked to oncogenesis in over a quarter of all cases of breast cancer; notably, ErbB2 

overexpression defines a distinct molecular subtype of advanced breast cancers with an especially poor 

clinical prognosis.[1–3] The overexpression of ErbB2 in breast cancers has also provided an opportunity 

for targeted therapies that take advantage of the cell surface expression (humanized monoclonal 

antibodies, such as Trastuzumab) and kinase activity (kinase inhibitors, such as lapatinib) of ErbB2; 

both of these strategies are now in clinical use with a significant degree of success in patient 

management.[4–8] It is however clear that these elegant therapeutic strategies have been less successful 

than initially anticipated. Both primary and acquired resistance has emerged as a substantial barrier to 

success of targeted therapeutics.[9–12] These issues highlight the need for better understanding of how 

ErbB2 initiates and maintains the various hallmarks of oncogenesis, how targeted therapeutic agents 

produce their beneficial effects and what mechanisms contribute to their failure. Answers to these 

questions require appropriate experimental models that can be used for molecular, cellular and in vivo 

studies in a relatively seamless manner. Currently, few models with these attributes exist. 

Much of our current understanding of signaling pathways downstream of ErbB2, mechanisms by which 

targeted therapeutic agents work and mechanism of resistance to these agents have been gleaned from 

studies of human ErbB2-overexpressing breast cancer cell lines analyzed in vitro and as xenograft 

tumors. A major weakness of these models is that in vivo analyses have to be carried out in immune-

compromised murine hosts. It is now amply clear that components of the immune system play key 

negative as well as positive roles in oncogenesis.[13–16] Furthermore, immune mechanisms contribute 

prominently to the effectiveness of targeted therapy with humanized antibodies against ErbB2.[17–19] 

Thus, while human ErbB2-overexpressing tumor cell lines have provided critical in vitro systems to 

advance our understanding of ErbB2-mediated oncogenesis, these models lack key attributes relevant to 

oncogenesis and targeted therapy in vivo. 

Transgenic mice that specifically overexpress ErbB2 in the mammary epithelium have provided an 

important complement to the xenograft-based models and have aided in analyses of the biology of 

ErbB2-driven oncogenesis as well as studies of targeted therapeutics.[20,21] The relatively long time to 

onset (many months), and variability in the onset and progression among individual animals in a cohort 

make these models challenging especially for studies investigating therapeutic strategies and 

mechanisms. 

Thus, while human breast cancer cell lines together with transgenic mouse models have led to 

substantial improvement in our understanding of ErbB2-mediated oncogenesis, there is a substantial 

need for well-characterized syngeneic murine cell line models that eliminate the need for immune-
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compromised hosts and exhibit strict ErbB2 dependence. Models that incorporate ease of use of cell 

lines together with tumorigenesis in immune-competent mouse models are therefore highly desirable to 

help bridge gaps in our knowledge of ErbB2-driven oncogenesis and to improve ErbB2-targeted 

therapies. Cell line models derived from ErbB2 transgenic mouse mammary tumors are particularly well-

suited to address these needs. Prior studies have described the establishment of cell lines from ErbB2 

transgenic mice that could form tumors when inoculated in mammary fat pads of immune-compromised 

or immune-competent mice[22–24] and in certain cases could produce lung metastases either when 

injected intravenously or spontaneously from the primary site,[25] thus validating the approach. 

However, while these cell lines have proven useful in tumor vaccine and biological studies, it has not 

been firmly established with these cell line models whether these are strictly dependent on ErbB2 

kinase, a very desirable trait. On the other hand, it is well established that ErbB2 overexpression in the 

mammary epithelium promotes invasive tumors that can metastasize.[3,26,27] 

Here, we describe a cell line model derived from an MMTV-ErbB2/Neu transgenic mouse mammary 

tumor that is capable of forming primary as well as metastatic tumors following orthotopic mammary fat 

pad inoculation. Importantly, 2- and 3-dimensional culture studies establish that oncogenic attributes of 

the cell line established are strictly dependent on the ErbB2 kinase activity. In addition, we show that 

inhibition of the ErbB2 kinase activity promotes a normal epithelial-like polarity in 3-dimensional 

culture, suggesting that continued signaling downstream of the ErbB2 kinase maintains the oncogenic 

trait of loss of polarity in the model described here. Thus, the present model system should allow a 

molecular dissection of pathways that link ErbB2 to altered epithelial polarity and epithelial 

mesenchymal transition as part of the metastasis program of ErbB2-driven tumors. 

Establishment of mouse mammary tumor cell lines from MMTV-ErbB2 transgenic mice 

All animal-related procedures were performed in accordance with the Institutional Animal Care and Use 

Committee guidelines. MMTV-Neu Tg [FVB/N-Tg(MMTV-Neu)202Mul/J] mice were obtained from 

The Jackson Laboratory (Bar Harbor, ME). Female mice were followed for appearance of palpable 

mammary tumors. Once established, tumors were aseptically resected, minced, and digested in F12 

medium with 5 % FCS supplemented with 3 mg/ml collagenase A (Roche Applied Science, Indianapolis, 

IN) and 1.5 mg/ml trypsin (Invitrogen, Carlsbad, CA) for 2 hours at 37° C. Dissociated cells were 

centrifuged at 200 g, washed twice, resuspended in DFCI-1 medium and cultured in a humidified 

incubator with 5% CO2 at 37° C. Cells were released with trypsin/EDTA when confluent. After serial 

passaging, we obtained three independent stable cell lines named MPPS1, MPPS2 and MPPS3 (please 

see footnote ) from individual mammary tumors arising in a female MMTV-Neu transgenic female 

mouse. MPPS1 tumor cell line was used in the present study. The MPPS1LA sub-line was developed by 

adapting MPPS1 cells to grow on ultra low attachment plates (Corning, Lowell, MA) in D2 medium; D2 

is a derivative of DFCI-1 medium that lacks fetal bovine serum and bovine pituitary extract.[28] 

Antibodies and other reagents 

The following primary antibodies were obtained, from the indicated commercial sources: rabbit anti-

cNeu (ErbB2) (C-18) from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit antibody broadly reactive 

with cytokeratins (pan-keratin) from DAKO (Carpinteria, CA); mouse monoclonal anti-vimentin (clone 

RV202) from BD Pharmingen (San Jose, CA); mouse monoclonal anti-zona occludens 1 (ZO-1) (clone 

ZO-1-1A12) from Invitrogen Inc (Carlsbad, CA); mouse monoclonal anti-heat shock cognate protein of 

70 kDa (Hsc70) (B-6) from Santa Cruz Biotechnology; and mouse monoclonal anti-glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (clone 6C5) from Chemicon Int. (Temecula, CA). The mouse 

monoclonal anti-phosphotyrosine (anti-pY; 4G10)[29] was kindly provided by Dr. Brian Druker (Oregon 

MATERIALS AND METHODS
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Health and Science University, Portland, OR). The ErbB receptor tyrosine kinase inhibitor lapatinib

[30,31] was from LC laboratories (Woburn, MA) and was stored as a 1mM solution in dimethyl sulfoxide 

(DMSO). 

Assessment of cell proliferation 

To quantify the effects of lapatinib on cell proliferation, cells were seeded in triplicate at 0.5 × 10 /well 

in 96-well plates and incubated in the presence of the indicated concentrations of lapatinib. Seventy-two 

hours later, the culture medium was removed and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) was added at a final concentration of 0.5 mg/ml for 4 hours. The cells were lysed by 

adding SDS to 1 % and absorbance was read at 570 nm. The % of cells alive at the end of the drug 

treatment, based on the absorbance of the formazan was calculated as [(O.D ) /(O.D ) ] × 

100.[32] 

Three-dimensional (3-D) Matrigel culture 

Laminin-rich basement membrane matrix (Matrigel®) for 3-D cultures was obtained from BD 

Biosciences (San Jose, CA). Trypsin/EDTA-released and washed cells were suspended in 2% (v/v) 

Matrigel in DFCI-1 medium and seeded over a layer of polymerized 100% Matrigel at 3 × 10  per cm  in 

6- or 24-well plates or in 8-well chamber slides (for Confocal microscopy), essentially as described 

previously.[33] For growth on Ultra Low Attachment culture ware (Corning), cells were suspended in 4% 

(v/v) Matrigel/DFCI-1 medium mix. 

Immunofluorescence microscopy 

Immunofluorescence staining of cells grown in 3-D cultures was performed essentially as described.[33] 

In brief, the cells were fixed in 4% paraformaldehyde in PBS, washed with PBS/100 mM glycine and 

permeabilized in 0.5% Triton X-100 for 5 minutes. After washing, cells were blocked with 10% goat 

serum and then incubated with anti-ErbB2 (1/500), pan-anti-cytokeratin (1/5000), anti-vimentin 

(1/200) or anti-ZO-1 (1/200) for 1 hour at room temperature. After 3 washes, species-appropriate 

secondary antibodies conjugated with Alexa 488 or Alexa 546 (Invitrogen) was used to visualize the 

bound primary antibody. Alexa Fluor 594 phalloidin (Invitrogen) was mixed with the secondary 

antibody for visualization of polymerized actin. Vectashield Hard Set mounting medium with 4’,6-

diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA) was used for mounting. 

Images were captured under a 63x oil immersion lens using LSM510 or LSM410 fluorescence confocal 

microscopes (Carl Zeiss) and processed with Zeiss LSM Image Browser version 4.2.0.121. Experiments 

were repeated at least thrice and an isotype-matched IgG was used as a negative control. 

In vivo tumorigenicity assay 

Athymic nude mice (Nu/Nu) were from Charles River Laboratories (Wilmington, MA). FVB/NJ mice 

were from Jackson Laboratory (Bar Harbor, ME). Seven-week old female mice were anesthetized and 

kept sedated using Ketamine along with Xylazine to directly visualize the fourth mammary gland 

through a small skin incision. 10  cells in 20 μl of DFCI medium were injected into the mammary fat pad 

using a Hamilton syringe. The tumor size was measured weekly using vernier calipers. Tumor volumes 

were calculated as: ½ larger diameter × (smaller diameter) .[34] Animals were euthanized and 

necropsies were performed when tumors reached a size of approximately 1,000 mm . Primary tumors 

and lungs were harvested for histopathology. At least five animals were used per experimental group. 

Derivation and characterization of an ErbB2-driven mouse mammary tumor cell line MPPS1 
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Three separate primary mammary tumors (PT1, 2 and 3) were resected from an eleven-month old virgin 

female MMTV-Neu Tg mouse that developed multiple mammary tumors. Independent cell lines 

established from these three tumors were designated MPPS1, MPPS2 and MPPS3; MPPS1 line was 

characterized in detail. These cells exhibit robust and continuous growth as monolayers in DFCI-1 

medium, and maintain high levels of ErbB2/Neu comparable to those in the primary tumors, as 

demonstrated using Western blotting [ ]. We did not notice any significant loss of ErbB2/Neu 

expression as has been reported by Guo et al. 2006 with primary tumor cells derived from MMTV-Neu

(YD) mice upon prolonged in vitro propagation;[35] in fact, the levels of ErbB2 in MPPS1 cells remained 

unchanged when these were maintained continuously over 20 passages under our culture conditions [

]. As expected for an epithelial cell-derived tumor cell line, MPPS1 cells stained positive with a 

pan-cytokeratin antibody while they did not stain significantly with an anti-vimentin antibody [

]. In addition, smooth muscle actin was not detectable by immunostaining (data not shown). 

The cells stained prominently with an anti-ErbB2 antibody with the ErbB2 staining predominantly 

localized at the plasma membrane, giving a honey-comb appearance in confluent cultures [ ]. 

Addition of the EGFR/ErbB2 dual kinase inhibitor lapatinib in the culture medium led to a dose-

dependent inhibition of cell proliferation, with an IC  of 0.125 ± 0.001 μM [ ], indicating that 

MPPS1 cells are fully dependent on ErbB2 activity for cell proliferation. The ability of lapatinib to inhibit 

the ErbB2 kinase activity was shown by a concentration-dependent reduction in auto-phosphorylated 

ErbB2 levels [ ]. As reported by Scaltriti et al[36] in human ErbB2-overexpressing breast cancer 

cell lines, we also observed that lapatinib treatment led to accumulation of ErbB2 proteins [ ; 

note the dose-dependent increase in the intensity of ErbB2 signal following lapatinib treatment]; this is 

likely due to reduced degradation of ErbB2 upon inhibition of its kinase activity. 

Orthotopic implantation of MPPS1 cells in the mouse mammary gland results in tumors at the implant 
site as well as distant metastases 

To assess whether ErbB2-dependent MPPS1 cells retain their oncogenic potential, we assessed their 

ability to form tumors at the site of orthotopic implantation in the mouse mammary gland as well as 

their ability to produce distant metastases. While implantation in syngeneic murine hosts is expected to 

allow tumor growth, studies of implanted MMTV-ErbB2/Neu transgenic tumors have shown that 

the “take rate” is better in ErbB2 transgene-carrying host mice (implanted prior to tumor development) 

than in naïve syngeneic hosts; this trait is likely related to induced immune tolerance mechanisms that 

are not fully elucidated[37,38] Therefore, we tested the tumor-forming capabilities of MPPS1 cells in 

female mice of three host backgrounds: immune-compromised nude mice; young isogenic MMTV-Neu 

Tg mice before any evidence of endogenous tumors; the FVB/NJ strain mice (same background as the 

tumor-bearing mice from which MPPS1 line was derived).  lists the various conditions used for 

orthotopic implantation into the mammary fat pad. Consistent with the reported facilitation of tumor 

formation in MMTV-Neu transgenic mice, 100 % of the nude and MMTV-Neu Tg recipients developed 

tumors around the site of injection [ ]; the tumors reached a volume of approximately 1,000 mm  

in 9 to 10 weeks in both recipient strains [ ]. Tumors also formed when MPPS1 cells were 

orthotopically implanted in the mammary fat pad of FVB/NJ mice; however, 10 times more cells were 

required for orthotopic tumor growth compared to the other two recipient strains as shown in . 

Upon necropsy, multiple tumor nodules were observed in various parts of the lungs of tumor-bearing 

animals in all three recipient strains [ ]. 

Histopathological comparison of primary tumors and lung metastasis between one of the two mice that 

developed tumors in the FVB/NJ background with that from Nu/Nu [ ] showed similar features 

with ductal/glandular structures consistent with a well-differentiated adenocarcinoma. No significant 

differences were observed among MMTV-Neu Tg and Nu/Nu in the extent of metastatic lesions within 
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the lungs [Figures  and ]. Together, these analyses demonstrate that transgenic ErbB2-

overexpressing murine mammary tumor-derived cell line MPPS1 retains its oncogenic ability with a 

unique feature that orthotopic implantation in the mammary gland is associated with rapid metastasis to 

distant sites. 

MPPS1 cell line as a model of persistent ErbB2 kinase activity-dependent alterations in epithelial cell 
polarity and lumen-filling hyper-proliferation phenotypes 

Studies of ErbB2-driven human breast cancers as well as transgenic mouse models have shown that loss 

of epithelial cell polarity is a key event in oncogenic progression and a harbinger of epithelial-

mesenchymal transition (EMT)[39–42] that has been linked to more aggressive tumor formation and 

more recently to cancer stem cell phenotype.[43] Given the ability of MPPS1 cells to metastasize from 

orthotopic primary tumors in the mammary gland, we wished to further characterize the alterations in 

the epithelial cell-cell junctions and polarity of these cells as well as the relationship of these traits with 

activity of the driver oncogene ErbB2. We and others have previously demonstrated that overexpression 

of ErbB family receptors in non-tumorigenic human mammary epithelial cells leads to alterations in 

cellular polarity which allows hyper-proliferation when cells are cultured under polarity-inducing 3-D 

Matrigel culture system.[33,39] Therefore, we carried out the characterization of cellular structures 

formed by MPPS1 cells when grown in 3-D culture. Many of these analyses were done with a low 

attachment-adapted and morphologically more homogenous subline (MPPS1LA) which was more 

suitable for immunofluorescence studies; The MPPS1LA cells expressed ErbB2 at levels comparable to 

that of ErbB2 in the parental MPPS1 cell line (data not shown) and were ErbB2-dependent as seen by 

the effect of lapatinib treatment on their growth [Figures  and ]. 

When seeded in Matrigel, MPPS1LA cells formed irregular spherical structures without any evident 

lumen [ , left panel]; however, branched structures which are seen with in vitro ErbB2-

transformed immortal human mammary epithelial cells[33,39] were rare. Immunofluorescence staining 

using established markers demonstrated a complete lack of epithelial cell polarity in 3D-cultured 

MPPS1LA cells. For example, the tight junction marker ZO-1 that is normally concentrated at the sub-

apical cell-cell junctions (of a single layered epithelium of acini with a lumen)[33,44] is instead seen 

diffusely localized throughout the disorganized cellular masses that lack any semblance of a lumen [

]. Staining for F-actin (phalloidin stained), normally localized to the apical cortical region of 

polarized mammary epithelial cells to form a continuous circular collar around the acini,[33,44] is also 

diffusely present throughout the disorganized cellular structures [Figure  and ]. Staining for E-

cadherin [ ], which in polarized mammary epithelial cells is basolaterally localized to adherens 

junctions with little intracellular staining,[33,44] showed weak and relatively diffuse staining 

throughout the cells with many intracellular punctae and no discernible adherens junction-like staining. 

These analyses revealed that MPPS1 cells fail to polarize when grown in 3-D Matrigel culture, a feature 

consistent with their transformed phenotype.[39,45] 

Given the dependence of MPPS1 cell proliferation on ErbB2 when analyzed in 2-D culture [ ], 

we utilized lapatinib treatment to assess if the abnormal polarity and the associated hyper-proliferation 

of MPPS1 cells in 3-D culture are also causally linked to continued kinase activity-dependent signaling of 

the driver oncogene ErbB2. First, we looked at the dose-response and kinetics of lapatinib-induced 

reduction in pY-ErbB2 levels in cells grown on 3-D Matrigel cultures. Immunoblotting of cell lysates 

obtained from 3-D cultures demonstrated that lapatinib treatment indeed induced a dose-dependent 

reduction in phosphorylated (active) ErbB2 [ ] with a concomitant increase in the total level of 

ErbB2 when examined after 48 h of treatment, as seen in cells treated with lapatinib in 2-D culture [

]. Notably, the effects of lapatinib were relatively quick, as seen by an essentially complete loss 

of pY-ErbB2 signals within 6h of treating 3-D cultures with 100 nM lapatinib [ ]. Importantly, 
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lapatinib treatment was associated with expected reduction in phosphorylated (active) pools of AKT and 

ERK1/2 without a change in total AKT or ERK1/2 levels [ ], indicating that lapatinib treatment 

at relatively low concentrations indeed abrogated ErbB2 kinase-dependent downstream signaling. 

Addition of lapatinib to 3-D cultures led to a concentration-dependent reduction in the number of 

irregular acini and their overall size. At high concentrations (0.5 to 1 μM), the cell structures tended to 

disintegrate consistent with cytotoxic effects [ ]. Notably however, cultures treated with 

intermediate concentrations (0.1 to 0.25 μM) of lapatinib showed a predominance of regular acinus-like 

structures with lumens [Figure  and ], suggesting a reversal of abnormal polarity. Staining with 

markers of polarity demonstrated that this was indeed the case: as is evident in , a lapatinib-

treated 3-D cultures showed a predominance of single epithelial layer-lined acinar structures with a clear 

lumen (as seen with DAPI staining near the periphery and lack of nuclei in the middle). Importantly, 

these acini showed clear and well-formed tight junctions (ZO-1 staining), sub-apical actin bands 

(phalloidin staining), apical GM130 and E-cadherin localization in basolateral adherens junctions 

[Figures – ]. Biochemically, lapatinib treatment led to a concentration-dependent accumulation of E-

cadherin protein levels [ ]. These results suggest that continuous signaling downstream of an 

active ErbB2 kinase produces the abnormal polarity and associated lumen-filling hyper-proliferation 

phenotypes of MPPS1 cells. 

The ability of MPPS1 cells to attain normal epithelial-like polarity and growth characteristics upon 

ErbB2 kinase inhibition, as early as 12-24 hours after initiating treatment [ ], prompted us to 

ask if the lapatinib effect was terminal or could be reversed upon washout of the drug. Treatment of 3-D 

cultures with 0.1 lapatinib for 24 h was associated with a reduction in pY-ErbB2 levels as expected, as 

well as the appearance of regular acinar structures [Figures  and ]. Washout of lapatinib led to a slow 

but almost complete recovery of pY-ErbB2 signals [ ] and the cultures concomitantly resumed 

proliferation regaining a predominance of abnormal cellular structures that lacked lumens [ ]. 

These results indicate that MPPS1 cells offer a reversible system to link ErbB2 signals with specific 

oncogenic traits. 

Cellular models have provided important clues into mechanisms by which the human cancer oncogene 

ErbB2, which is causally linked to over a quarter of invasive breast cancers, unleashes the program of 

oncogenic transformation of mammary epithelial cells. Yet, there is a lack of facile cellular models that 

allow biochemical and molecular analyses over a wide range of oncogenic transitions from relatively 

normal cellular behavior to metastasis. Furthermore, full dependence of oncogenic progression on 

ErbB2 kinase-dependent signaling would help enhance the appeal of such cellular models. Recent 

studies have focused on either human cancer-derived ErbB2-overexpressing cell lines or on deliberate 

transformation of non-tumorigenic immortal human mammary epithelial cell lines; however, the former 

often exhibit variable dependence on ErbB2 signals while the latter typically show only subtle oncogenic 

transformation discernible only using sensitive systems such as 3-D culture in Matrigel; such 

transformed cells often fail to make tumors in xenotransplanted mice and typically do not exhibit 

metastatic behavior.[33,46,47] As ErbB2 transgenes reproducibly lead to mammary tumors that 

metastasize,[25,48] cellular models from such mice could bridge the current gap in our understanding of 

mechanisms of ErbB2-driven oncogenesis. While several previous attempts have been made to establish 

cell line models from ErbB2 transgenic mice, these cell systems have not been well characterized as 

suitable models of critical oncogenic traits associated with ErbB2-mediated oncogenic transformation. 

Here, we have generated and characterized a murine ErbB2 transgene (rat ErbB2/Neu)-induced 

mammary tumor cell line system whose attributes make it a desirable cellular model to help bridge gaps 

in our knowledge of mechanisms by which ErbB2 signals unleash the oncogenic program of mammary 

Figure 5b

Figure 5c

5c 6a

Figure 6b

6b d

Figure 6e

Figure 5b

7a b

Figure 7a

Figure 7b

DISCUSSION

Page 7 of 23Continuous requirement of ErbB2 kinase activity for loss of cell polarity and lumen form...

9/27/2012http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3243085/?report=printable



epithelial cells. 

The MMTV-Neu Tg mouse-derived mammary tumor cell line MPPS1 not only produces primary tumors 

when orthotopically implanted in the mammary gland but it also exhibits rapid metastatic ability as 

shown by the presence of lung metastasis in essentially all primary tumor-bearing animals. While rapid 

tumor growth and metastatic behavior by itself is not unique, it is rather notable that both the primary 

and metastatic tumors maintained relatively well-differentiated tumor histology [ ]. More 

importantly, in vitro characterization demonstrated that MPPS1 cells proliferate continuously but unlike 

previous reports[35] the levels of ErbB2 are not lost in this cell line during culture [ ]. This in 

itself suggested the potential dependence of oncogenic traits of MPPS1 cells on continued ErbB2 

expression and its signaling. Indeed inhibition of ErbB2 kinase activity with lapatinib demonstrated that 

cell proliferations in 2-D and 3-D culture is fully dependent on continued activity of ErbB2. Thus, MPPS 

cells should provide a useful model to investigate pathways that provide an essential link between ErbB2 

signals and deregulation of cell cycle and associated programs such as cancer cell metabolism, especially 

under 3-D culture conditions that mimic tissue architecture. 

As previous studies have demonstrated, the pathways of normal cellular proliferation and differentiation 

as well as their aberrations during oncogenesis are dramatically influenced by the interaction of cells 

with each other and with the microenvironment as well as the nature of matrix.[49,50] Thus, a tumor 

cell line model that exhibits complete abrogation of cell polarity and lumen formation, important 

attributes of normal mammary epithelial cells in tissues as well as in 3-D culture, when the driver 

oncogene (ErbB2) is active but rapidly reverses these attributes towards a normal cell behavior [Figures 

– ] when oncogenic signals are turned off should provide a valuable system to mechanistically trace 

upstream ErbB2 signals to regulation of mammary epithelial morphogenesis and its alterations in breast 

cancer. Our initial studies indicating that MPPS1 cell system allows reversion of oncogenic traits upon 

lapatinib inhibition as well as resumption of oncogenic traits upon lapatinib washout make the current 

system particularly attractive. 

Complementing the in vitro attributes, it is notable that metastatic tumors developed with a short 

latency after orthotopic implantation in host mice, and this could be achieved in immune competent 

hosts as well albeit more tumor cells were needed to develop tumors in naïve parental strain. As 

antibody-dependent targeted therapy has become an essential component of therapy for ErbB2-driven 

breast cancers, models in which metastatic disease develops reproducibly and quickly are needed to 

investigate mechanisms of therapeutic response as well as resistance using in vivo settings with an intact 

immune system, something lacking with xenograft models. The current system should be very useful in 

this regard. 

It is of note that tumor growth and metastasis in syngeneic (MMTV-Neu Tg) females were rapid, highly 

reproducible and comparable to tumors seen in immune-compromised nude mice. However these 

attributes were somewhat slower and less robust in parental FVB/NJ mice. This observation is 

consistent with previous reports that rat ErbB2/Neu oncogene is immunogenic in non-transgenic FVB 

mice.[37,38] However, the ability of MPPS1 cells to reproducibly grow and metastasize spontaneously 

from the primary tumor in immune competent MMTV-Neu Tg mice should still provide a practical 

immune-competent model to study tumor progression and therapeutic mechanisms. As the latency of 

spontaneous tumors in the MMTV-Neu Tg mice was as reported previously (about 6 months),[27,51] yet 

the implanted MPPS1 tumor grew and metastasized before these mice had attained this age (about 7 

weeks of age at implant plus 10-11 weeks of tumorigenesis for a total of 17-18 weeks of age at the 

completion of the experiment), it is unlikely that the tumors at the implant site or metastases in the lung 

represent spontaneous tumors. This interpretation is supported by lack of any tumors in non-implanted 

mammary glands of recipient mice. We have recently developed GFP-expressing MPPS1 cells which 
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should allow future studies to unequivocally distinguish implanted tumors and their metastases from 

endogenous tumors. 

Recent years have seen an expansion of high throughput technologies that have begun to yield important 

mechanistic clues relevant to biology of cancer as well as mechanisms of therapeutic response and 

resistance. In initial studies, we have observed that MPPS1 cell system is easily adaptable for gene 

transfer experiments and cell-based assays. Together with the ErbB2-dependent 3-D culture traits and 

the ability to rapidly induce primary and metastatic tumors in syngeneic hosts, the MPPS1 cell line 

should be easily adaptable for linked in vitro and in vivo high throughput studies within a single cell 

model. 

Collectively, the MPPS1 cell model of ErbB2-driven breast cancer described here demonstrates that loss 

of cellular polarity and lumen filling in 3-D environment requires continuous ErbB2 signals. Our results 

suggest that the relatively unique cellular model described here should help in molecular dissection of 

oncogenesis as well as mechanisms of therapeutic response and resistance in ErbB2-driven primary and 

metastatic breast cancer using in vivo studies in immune-competent animals that can be completed in a 

short time and in a cost effective manner. This cellular model should also provide a tool to dissect 

signaling pathways linking upstream ErbB2 signaling with early as well as late oncogenic traits using 

high throughput approaches that exploit the ability to carry out in vitro and in vivo tumor progression 

studies in a single cellular system. 
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Figure 1 

 

Characterization of ErbB2/Neu-driven mouse mammary tumor cell line (MPPS1): (a) Western blots 

comparing the expression of ErbB2/Neu in primary mammary tumors (PT1, PT2) from MMTV-Neu Tg 

mouse to the levels at the indicated passages of MPPS1 cell line (derived from PT1). 100 μg of total 

protein was loaded per lane. GAPDH is used as a loading control. (b, c) MPPS1 cells grown on glass 

coverslips were fixed and stained with pan-keratin (KRT), vimentin (VIM) and anti-ErbB2 (ErbB2/Neu) 

antibodies and detected with fluorochrome-conjugated secondary antibodies. The confocal image shows 

pan-keratin stained in red and vimentin in green; Scale bars in B and C are 20 μm in length. (d) 

Sensitivity of MPPS1 to growth inhibition by lapatinib - MPPS1 cells plated in 96-well plates as described 

in the methods section were treated with an increasing concentrations of lapatinib for 72 hours. The % of 

viable cells was estimated based on MTT assay. The calculated IC50 value (using Graphpad Prizm 

software) was 0.125 ± 0.001μM. (e) Concentration-dependent decrease in pY-ErbB2 levels in MPPS1 

cells following treatment with lapatinib at the indicated concentrations. Cells were treated with the 

indicated concentrations of lapatinib for 48 hours. The reduction in pY-ErbB2 levels were assessed by 

SDS-PAGE/Western blotting analysis from equal amount of total protein lysates (100 μg). Hsc70 was 

used as loading control. 
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Table 1 

 

Host mouse strain-dependent tumor development following implantation of MPPS1 cell line in the 

mammary fat pad 
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Figure 2 

 

Tumor growth and metastasis of orthotopically implanted MPPS1 cells in MMTV-Neu Tg and Nu/Nu 

mice: (a) MPPS1 cells were orthotopically implanted into immune-competent ErbB2/Neu transgenic 

(MMTV-Neu Tg) or immune-compromised Nu/Nu mice (n = 5 per group) and tumor growth monitored 

as described in the methods section. Shown here is a comparison of tumor growth in MMTV-Neu Tg vs. 

Nu/Nu background mice. (b) Lungs from the mice used in A were analyzed for metastatic tumor 

nodules. Shown is a comparison of the numbers of metastatic lesions recorded in various parts of the 

lung (see illustration in the inset). 
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Figure 3 

 

Comparative histopathological analysis of primary tumors and lung metastasis of MPPS1 cells 

orthotopically implanted into mammary fat pads of syngeneic immune-competent mice (FVB/NJ or 

MMTV-Neu Tg) or immune-compromised Nu/Nu mice: (a) Primary tumors from mammary fat pads 

and lungs with metastatic lesions developing in FVB/NJ and Nu/Nu mice injected with MPPS1 cells 

were fixed in formalin and processed for histopathology. Images of primary tumor and lung are from the 

same animal. Scale bar represents 200 μm. (b) Carmine staining of lungs isolated from MMTV-Neu Tg 

and Nu/Nu mice that were used in the tumor growth and metastasis study described in the legend to 

. Sites of metastatic lesions are seen as clear areas within carmine-stained lungs. Scale bar 

represents 1 mm length. 

Figure 2
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Figure 4 

 

Characterization of the cellular structures formed by MPPS1 cells when grown in 3-D Matrigel culture: 

(a) Single cell suspensions of MPPS1LA cells were grown on 2% Matrigel as described in the methods 

section. Growth and morphology of 3-D structures were visualized using phase-contrast microscopy and 

photographed. Shown here are pictures of 3-D structures at day 8 after seeding. A higher magnification 

of the boxed area shown in the left panel is depicted in the panel on the right. (b) MPPS1LA cells grown 

in 2% Matrigel in glass chamber slides for 8 days were fixed and stained with Alexa594-conjugated 

phalloidin for sub-apical cortical actin, anti-ZO-1 (tight junction marker) using anti-ZO-1 antibody 

followed by Alexa488-conjugated secondary antibody against anti-ZO-1. The slides were mounted with a 

medium containing DAPI (to visualize nuclei) and imaged. Shown is a confocal microscopy picture of a 3-

D cluster of cells visualizing the organization of actin filaments (red), ZO-1 (green). Also shown is a 

merged image including the nuclei (blue) and the phase contrast image; (c) MPPS1LA cells similarly 

grown in 2% Matrigel in glass chamber slides were fixed and stained with Alexa594-conjugated 

phalloidin or E-Cadherin (basolateral marker) using the anti-E-Cadherin antibodies followed by 

Alexa488-conjugated secondary antibody (green) against anti-E-Cadherin antibody. The slides were 

mounted with a medium containing DAPI (to visualize nuclei) and imaged. Images of a Matrigel colony 
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of cells, depicting the disorganized actin filaments (red), and diffuse E-Cadherin (green) distribution. 

Also shown are the nuclei (in blue) and a merged image showing actin plus E-Cadherin along with the 

phase contrast. 
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Figure 5 

 

Analysis of the requirement of ErbB2 kinase activity and downstream signaling pathways in abnormal 

polarity and associated hyper-proliferation of MPPS1 cells in 3-D culture: (a) Concentration-dependent 

decrease in pY-ErbB2 in MPPS1LA cells, grown in 3-D Matrigel following treatment with Lapatinib. 

Cells were treated with the indicated concentrations of Lapatinib for 48 hours. The reduction in pY-

ErbB2 levels was assessed by SDS-PAGE/Western blotting analysis from equal amounts of total lysate 

protein (100 μg). Hsc70 was used as a loading control. (b) Kinetics of decrease in pY-ErbB2 in MPPS1LA 

cells grown in 3-D. 50 μg total lysate protein was analyzed for each indicated time point. Blot strips were 

probed first with anti-pY ErbB2, anti-pAKT and anti pERK1/2, and then stripped and reprobed for 

ERBB2/Neu, AKT and ERK, respectively. (c) MPPS1LA grown on Matrigel for 8 days, were treated with 

the indicated concentrations of Lapatinib for another 6 days. The changes in colony morphology were 

recorded as described in the legend to . Representative images are shown to illustrate the 

concentration-dependent effect of Lapatinib on the morphology and size of 3-D structures. 

Figure 4a
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Figure 6 

 

Characterization of Lapatinib-induced normalization of epithelial cell polarity in 3-D Matrigel cultures 

of MPPS1 cell line. (a) MPPS1 LA cells were grown on Matrigel for 5 days and then were treated with 0.1 

μM Lapatinib for 3 days, visualized using phase-contrast microscopy and photographed. Shown is a 

comparison of the morphology for 3-D structures in cultures treated with DMSO (left panel) or 0.1 μM 

Lapatinib (right panel)., (b-d) Cells grown on Matrigel (similar to 6A) in 8-well chamber slides were 

treated with DMSO or 0.1 μM Lapatinib. Following treatment, the cells were paraformaldehyde fixed 

and stained with anti-ZO1 (B) or anti-GM1 (c; apical marker) or anti-E-cadherin (D) followed by 
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Alexa488-conjugated secondary antibody and Alexa594-phalloidin (for actin). The slides were mounted 

with a medium containing DAPI and imaged; (e) Lapatinib treatment-induced accumulation of E-

cadherin protein levels in MPPS1LA cells; shown is a western blot analysis of 25 μg total proteins from 

lysates of MPPS1LA cells treated with the indicated concentrations of Lapatinib for 24h. Hsc70 is shown 

as a loading control. 
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Figure 7 

 

Reversal of Lapatinib-induced normalization of epithelial cell polarization in 3-D Matrigel upon removal 

of inhibitor: MPPS1LA cell grown in 6-well plates on Matrigel were treated with 0.1 μM Lapatinib or 

DMSO vehicle for the indicated times. For evaluating the reversibility of Lapatinib-induced 

normalization of epithelial architecture and lumen formation, control and Lapatinib-treated 3-D 

structures were harvested from Matrigel cultures, spun, washed with PBS and replated in fresh Matrigel. 

The cultures were imaged at the indicated times. The results are representative of three experiments. a, 

Western blotting of 50 μg protein confirming the effects of Lapatinib-treatment on pY-ErbB2 and total 

ErbB2 levels and a time-dependent recovery of pY-ErbB2 following Lapatinib withdrawal. b, Digital 

images of cell structures, left untreated, Lapatinib treated (24 h), or recovery (48 or 96 h) after Lapatinib 

withdrawal, are shown. Scale bars are 100 μm. 

Articles from Journal of Carcinogenesis are provided here courtesy of Medknow Publications 
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The Human Epidermal Growth Factor Receptor 2 (Her2, ErbB2 or Neu) is overexpressed in about 20 – 

25% of breast cancers and is causally linked to oncogenesis, providing opportunities for targeted 

therapy. Trastuzumab (Herceptin , Genentech Inc, San Francisco, CA), a humanized monoclonal 

antibody against ErbB2, is a successful example of this concept and has vastly improved the response to 

treatment and overall survival in a majority of ErbB2+ breast cancer patients. However, lack of response 

in some patients as well as relapse during the course of therapy in others, continue to challenge 

researchers and clinicians alike towards a better understanding of the fundamental mechanisms of 

Trastuzumab action and resistance to treatment. The exact in vivo mechanism of action of Trastuzumab 

remains enigmatic, given its direct effects on the ErbB2 signaling pathway as well as indirect 

contributions from the immune system, by virtue of the ability of Trastuzumab to elicit Antibody-

Dependent Cellular Cytotoxicity. Consequently, multiple mechanisms of resistance have been proposed. 

We present here a comprehensive review of our current understanding of the mechanisms, both of 

Trastuzumab action and clinical resistance to Trastuzumab-based therapies. We also review newer 

strategies (based on ErbB2 receptor biology) that are being explored to overcome resistance to 

Trastuzumab therapy. 

Keywords: ErbB2 (Her2/Neu), mechanism, resistance, trastuzumab 

ErbB2 (Her2/Neu) is a member of the ErbB family of receptor tyrosine kinases (RTKs), which includes 
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EGFR (ErbB1, Her1), ErbB3 (Her3), and ErbB4 (Her4). ErbB2 is the preferred dimerization partner for 

ErbB1, 3, and 4 following growth factor stimulation by ligands such as EGF, TGF-α, and amphiregulin 

(for EGFR) or Heregulins/Neuregulins (for ErbB3/4).[1] Oncogenic signaling by ErbB2 involves a 

sustained activation of a number of pathways, including the Ras-Raf-MAPK pathway, which contributes 

to enhanced cellular proliferation, and the PI3K-Akt pathway, which imparts cell survival among other 

important biological effects. 

Trastuzumab (or Herceptin  ; manufactured by Roche-Genentech, CA, USA), a humanized monoclonal 

antibody against the extracellular region of ErbB2, has served as a remarkable example of a successful 

targeted therapeutic agent in breast cancer. Trastuzumab therapy has significantly contributed to 

improvements in the treatment outcome of ErbB2-driven breast cancer patients, prolonging their lives. 

Approximately 20 – 25% of these patients have overexpression of ErbB2, a result in most cases of the 

amplification of the genomic locus that includes the ErbB2 gene. Increased levels of the ErbB2 protein 

can also be a result of altered transcriptional control of ErbB2 gene expression or of biosynthetic and/or 

endocytic regulation of cell surface receptor levels. As the likelihood of response to Trastuzumab therapy 

positively correlates with the ErbB2 protein levels, patient selection typically involves assessment of the 

ErbB2 status by fluorescent or chromogenic in situ hybridization (FISH/CISH) and/or 

immunohistochemistry (IHC). Clinically, although monotherapy may be effective in some cases, 

Trastuzumab is invariably given in combination with standard chemotherapy (DNA-damaging drugs, 

anti-metabolites or microtubule stabilizers). Clinical studies have shown that this combination produces 

far better response rates than chemotherapy alone and the combinations that include Trastuzumab are 

now considered as the standard of care for ErbB2-overexpressing breast cancer patients.[2] 

Despite the promising initial responses to Trastuzumab therapy in a majority or patients, a subset of 

patients fails to benefit from treatment, displaying primary or de novo resistance. Even within the 

responders, acquisition of resistance during the course of treatment (secondary resistance) is an 

additional challenge. Therefore, intense investigations to understand the factors that contribute to the 

resistance and to identify therapeutic strategies to overcome the resistance are underway at various 

levels, including cell biological studies, pre-clinical models, and clinical biomarker discovery. However, 

the effort has faced some fundamental challenges for a number of reasons. First, the exact mechanism of 

action of Trastuzumab, especially in vivo, is unclear. Second, as Trastuzumab given in combination with 

chemotherapy is the preferred treatment option, it has been difficult to gauge whether the clinical 

resistance factors are associated with the mechanism of action of Trastuzumab or that of the 

chemotherapeutics used in combination. Here, we make an attempt to analyze the reported findings in 

clinical literature, in the context of our current understanding of the mechanism of Trastuzumab as well 

as the potential mechanisms of its synergy, with the currently used chemotherapeutics. Furthermore, we 

review newer strategies based on ErbB2 receptor biology that are being explored to overcome clinical 

resistance associated with Trastuzumab-based therapies. 

In this section, we will briefly discuss the various mechanisms of action of Trastuzumab that have been 

proposed, as summarized in . 

Attenuation of ErbB2 signaling 

Functioning as a monoclonal antibody, the molecular target recognized by Trastuzumab is an antigenic 

region on the extracellular domain of the ErbB2 receptor. Trastuzumab binding is thought to inhibit the 

signaling function of ErbB2, resulting in multiple possible mechanisms by which it may exert its anti-

proliferative and therapeutic function in vitro and in vivo. Trastuzumab treatment of breast cancer cells 

in vitro primarily results in the inhibition of proliferation rather than cytotoxicity, which has been linked 

MECHANISM OF TRASTUZUMAB ACTION
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to the interruption of PI3K-AKT signaling, resulting in increased nuclear accumulation of the cell cycle 

inhibitor p27  (as discussed later in the text under section 2.2) and subsequent inhibition of CDK2 

activity.[3–5] Mechanistically, this can result from either blockage of the homo- or heterodimer 

formation or signal attenuation through receptor endocytosis followed by lysosomal degradation. These 

are indeed two of the proposed mechanisms of action of Trastuzumab.[6,7] Although in vitro cell 

biological and biochemical studies have demonstrated (and we have confirmed) that Trastuzumab 

treatment can result in ErbB2 internalization and degradation,[8,9] evidence of ErbB2 downregulation 

in vivo (either in pre-clinical xenograft models or clinical studies) is lacking. In a pre-clinical study using 

BT-474 xenografts and comparing the effect of the anti-EGFR kinase inhibitor, ZD1839 (Gefitinib or 

Iressa ,AstraZeneca, UK), in combination with Trastuzumab , the authors did not observe any decrease 

in the ErbB2 levels in tumors harvested after treatment with Trastuzumab alone or its combination with 

ZD1839.[10] In a clinical study reported by Mohsin et al.,[11] involving data on 35 patients treated with 

Trastuzumab monotherapy in a neoadjuvant setting, no downregulation of ErbB2 was observed.[11] 

Similarly, contrary to cell biological studies, the expected increase in p27  following Trastuzumab 

treatment was also not seen in this study. Surprisingly, the authors reported clinical tumor regressions 

among responders, suggesting that Trastuzumab treatment probably induced apoptosis of tumor cells. 

As this study involved a limited cohort of patients, expanded studies are needed to verify these findings. 

Trastuzumab has also been proposed to function by inhibiting the cleavage of the N-terminal 

extracellular domain of full length ErbB2 (p185ErbB2), which results in a shorter C-terminal fragment of 

ErbB2 (described as p95ErbB2 or p95Her2) that can form a hyperactive disulfide-linked homodimer, 

which initiates oncogenic signaling, but is resistant to Trastuzumab as it lacks the Trastuzumab-binding 

region.[12] In fact, a phase II clinical study[13] found lower levels of the ErbB2-extracellular domain 

(ErbB2-ECD) in the serum of patients that responded, consistent with decreased oncogenic signaling, as 

a result of reduced generation of p95ErbB2. Notably, the truncated forms of ErbB2 can also result from 

alternate translation initiation sites within the ErbB2 mRNA.[14,15] Regardless of the mechanism of the 

generation of p95ErbB2, it lacks the binding epitope for Trastuzumab, and therefore, can be an 

important determinant of Trastuzumab-refractoriness. 

Another proposed mechanism of the Trastuzumab-mediated attenuation of ErbB2-PI3K-Akt signaling is 

through its potential to reactivate the dual phosphatase, Phosphatase and tensin homolog (PTEN), by 

antagonizing the interaction between ErbB2 and c-Src.[16] In this model, the authors propose that the 

association of the c-Src non-receptor tyrosine kinase with ErbB2 leads to the phosphorylation of tyrosine 

residues on the membrane-binding C2 domain of PTEN, resulting in the mislocalization of PTEN and a 

subsequent increase in the PIP  levels, resulting in hyperactive PI3K-Akt signaling.[16] Binding of 

Trastuzumab is thought to disrupt the interaction of ErbB2 with c-Src, resulting in the reactivation of 

PTEN, allowing it to translocate to the membrane and attenuate the PIP  levels.[16] Conversely, the 

protein phosphatase activity of PTEN has also been proposed to dephosphorylate c-Src, to regulate its 

activity.[16,17] Thus, c-Src and PTEN may constitute a complex interdependent factor that ultimately 

determines Trastuzumab responsiveness through its downstream effect on the PI3K-Akt pathway. 

Indeed PTEN was subsequently identified, through high-throughput RNA interference screens, to be one 

of the critical factors associated with Trastuzumab-responsiveness.[18] 

The eventual outcome of the attenuation of ErbB2 signaling, by one or more of the mechanism(s) of 

Trastuzumab action discussed earlier, is the attenuation of PI3K-Akt signaling, which leads to cytostatic 

effects of Trastuzumab. One of the downstream targets of Akt, is p27 , which has been implicated in 

the mechanism of action of Trastuzumab, as discussed herewith. 

p27 -induced cell cycle arrest 

As discussed earlier, interruption of the ErbB2-PI3K-AKT signaling axis, either through a Trastuzumab-
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induced block to receptor activation or through receptor internalization and degradation, results in a G1-

cell cycle arrest via stabilization of p27 . Given that one of the downstream consequences of 

hyperactive ErbB2 signaling is a transcriptional induction of genes involved in DNA repair,[19] it can be 

hypothesized that Trastuzumab-mediated interruption of ErbB2 signaling can result in an attenuated 

repair activity following DNA-damaging chemotherapeutics or radiation when Trastuzumab is combined 

with chemotherapy or radiation; in fact, in vitro studies appear to support this hypothesis,[20] and may 

explain the superior pre-clinical as well as clinical response of Trastuzumab, in combination with 

Cisplatin or Doxorubicin, in comparison to Trastuzumab monotherapy.[21–24] On the other hand, the 

combinations of Trastuzumab with Paclitaxel or Docetaxel also exhibit pharmacological synergy in vitro,

[25,26] and have an even better clinical outcome than with DNA-damaging drugs.[27] However, the 

mechanism of synergy is unclear and is more difficult to explain by the effect of Trastuzumab on DNA 

repair, (which follows G1- or G2/M-arrest), as taxols act at the level of microtubules to cause mitotic 

arrest. ErbB2-overexpression has been associated with the upregulation of Survivin,[28–30] which 

belongs to the Inhibitors of Apoptosis (IAP) family, but is also an important component of the 

kinetochore complex in association with INCENP, Aurora B, and Borealin proteins.[31] It is tempting to 

speculate that the mechanism of synergy may involve the downstream effects of Trastuzumab-mediated 

disruption of ErbB2 signaling on Survivin function in relation to mitosis. 

Even as the therapeutic effect of Trastuzumab may be derived from multiple mechanisms discussed 

earlier, a common factor appears to be the attenuation of PI3K-Akt signaling and its consequence on cell 

cycle regulation. Not surprisingly, the multiple mechanisms suggested to be contributory to 

Trastuzumab refractoriness,[7,32] as will be discussed later in the text, also seem to converge on the 

PI3K-Akt pathway. 

Antibody-Dependent cellular cytotoxicity 

As Trastuzumab is an intact monoclonal antibody (IgG1), the Fcγ portion of the molecule can play a 

significant role in its in vivo activity, by its ability to engage the Fcγ receptors on immune effector cells, 

such as, macrophages, NK cells or cytotoxic T cells, to elicit Antibody-Dependent Cellular Cytotoxicity 

(ADCC).[33–36] In fact, pre-clinical studies using F(ab′)2 fragments of anti-ErbB2 antibodies[37] or 

mice deficient in Fcγ receptor activation[38] show severely attenuated anti-tumor responses to 

Trastuzumab in the xenograft models. Notably, clinical studies in neo-adjuvant settings have revealed 

increased leukocyte infiltration within the tumor tissue following Trastuzumab treatment.[39] A recent 

clinical finding that Fcγ receptor polymorphisms may be determinants of Trastuzumab response in 

breast cancer patients[40] supports the potential role of ADCC in Trastuzumab-based therapies. Tumor 

regression, reported in clinical studies,[11,41] may also perhaps be explained by ADCC-mediated 

cytotoxic responses, as opposed to the cytostatic effects of Trastuzumab seen in vitro. When combined 

with chemotherapy, Trastuzumab has been clearly shownto be vastly superior,[24,42] although the exact 

mechanisms of synergy are unclear. Taken together, this suggests that the ADCC-independent 

mechanisms are equally important in the anti-tumor activity of Trastuzuamb. However, while ADCC 

may be a predominant mechanism in Trastuzumab monotherapy, it could have a more limited role when 

Trastuzumab is given in combination with chemotherapy, given the cytotoxic effects of 

chemotherapeutics on immune cells. This complexity has not been thoroughly addressed experimentally. 

Although clinical resistance to Trastuzumab-based therapies is understood as lack of response to 

treatment (either de novo or acquired during the course of treatment), the proposed mechanisms 

causing resistance (or refractoriness) come primarily from in vitro cell culture studies, in the context of 

Trastuzumab monotherapy. Potential tumor cell-intrinsic resistance factors include: (1) loss or 

MECHANISMS OF RESISTANCE TO TRASTUZUMAB-BASED THERAPIES
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inactivation of the PTEN tumor suppressor and subsequent over-activation of the PI3K pathway;[16] (2) 

mutant PI3K expression;[18] (3) lack of Trastuzumab binding due to expression of p95ErbB2 or steric 

hindrance to the Trastuzumab-binding site on ErbB2 caused by its cell-surface association with heavily 

glycosylated proteins such as Muc4 or CD44-hyaluronan;[15,43,44] and (4) 

amplification/overexpression of Cyclin E.[45] These are summarized in  and discussed 

herewith. 

Hyperactivation of PI3K-Akt pathway through PTEN-loss, PI3K mutations, alternative growth factor 
receptor or p95ErbB2 signaling 

During the course of the treatment, several genetic or environmental alterations can accumulate within 

the tumor or its microenvironment, such as loss/inactivation of the PTEN tumor suppressor, activating 

PI3K mutations, and dependence on signaling through alternative growth factor receptors including 

EGFR, p95ErbB2, ErbB3, Insulin-like growth factor receptor (IGF-1R), and other RTKs.[46–48] 

Alternately, the interaction of tumor cells with the surrounding stroma can lead to reconditioning of the 

tumor microenvironment, particularly changing the abundance of activating RTK ligands present within 

the tumor microenvironment. For example, Wang et al.,[49] have proposed that TGF-β, present within 

the tumor microenvironment can lead to increased shedding of ligands, Heregulin, amphiregulin, and 

TGF-α, via TACE/ADAM17 relocalization to the plasma-membrane may be a contributing factor, leading 

to Trastuzumab resistance.[49] All these factors can contribute to acquired-resistance to therapy. 

The net effect of PTEN-loss/inactivation or expression of mutant PI3K, p95ErbB2 or alternate RTKs is 

the hyperactivation of the PI3K-Akt signaling pathway. The PI3K-Akt/ PTEN signaling network 

constitutes a major pathway in the regulation of cell proliferation, metabolism, and anti-apoptotic signal 

transduction.[50] Hyperactive Akt signaling affects the activity of several of its targets,[51–53] such as, 

the cell cycle regulator p27 [54] the pro-apoptotic protein BAD,[55] as well as the FOXO family of 

transcription factors[56,57] (which regulate the transcription of pro-apoptotic effectors) by 

phosphorylation. The phosphorylated target proteins remain sequestered from its site of action via 

binding to 14-3-3 proteins,[54,55,57,58] as is the case with p27 , where p27  is unable to enter the 

nucleus to inhibit CDK2/CDK4 activity.[58] Similarly, sequestration of phosphorylated-FOXO 

transcription factors in the cytoplasm by 14-3-3 proteins prevents transcription of its target proteins, 

including pro-apoptotic effectors such as BNIP3L.[59] 

Deregulation of PI3K-Akt signaling or loss of the PTEN gene correlates with ErbB2+ tumor progression 

and maintenance as well as Trastuzumab resistance. Efficacy of Trastuzumab depends not only on the 

ErbB2 status of breast tumors, but also on aberrations of the genes that encode the PI3K-Akt/PTEN 

pathway.[16] In particular, retrospective evaluation of formalin-fixed paraffin-embedded tissue samples, 

isolated from 227 patients with metastatic breast cancer, and treated with Trastuzumab, reveal a 

predictive role of PIK3CA activating mutations and loss of PTEN in patient responsiveness. The shorter 

time to progression of metastatic breast cancer in patients correlates with the ErbB2+ status and 

PIK3CA mutations. However, loss of PTEN results in reduced overall survival irrespective of the ErbB2 

status.[60] Interestingly, the PIK3CA activating mutations are mutually exclusive with PTEN deletion, 

as would be anticipated, as these two proteins catalyze the same reaction in opposite directions, to 

regulate the PIP  levels, and thus, there would be little selective advantage from their concurrent 

alterations.[61] Mutations of the PIK3CA genes occur at frequencies of up to 40% in human breast 

cancers, although the mutations are not exclusively associated with ErbB2+ breast cancers.[61–64] A 

majority of the activating mutations of PI3K occur within exons 9 and 20 of the PI3KCA gene and 

encode the central helical domain and C-terminal kinase domain of PI3K, respectively.[61,62,65] 

Expression of PIK3CA, harboring single amino acid substitutions at E545K or H1047R in the 

immortalized breast cancer cell line MCF-10A, results in growth factor-independent proliferation and 

Figure 1b

kip1

kip1 kip1

3

Page 5 of 24Mechanisms of Trastuzumab resistance in ErbB2-driven breast cancer and newer opportu...

9/27/2012http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3243087/?report=printable



anchorage-independent growth, as a consequence of the constitutive activation of the kinase and its 

downstream target, Akt. Furthermore, overexpression of wild-type PIK3CA and its constitutively-active 

mutants, in two ErbB2 overexpressing cell lines, BT-474 and SKBR3, confer Trastuzumab resistance[18] 

and abrogate the cytostatic response to Trastuzumab. These studies suggest that the activating 

mutations of PIK3CA may be one mechanism of de novo resistance to Trastuzumab and may perhaps 

contribute to the lower efficacy of Trastuzumab as a monotherapy. Interestingly, a recent report has 

suggested that Trastuzumab resistance due to PTEN inactivation can occur via Erythropoeitin Receptor 

(EpoR)-mediated Src activation. This is a novel mechanism in a Trastuzumab chemotherapy setting, 

which requires further validations, as recombinant erythropoietin is used to counter erythropenia due to 

chemotherapy.[66] 

Escape from cell-cycle arrest 

One consequence of activation of the PI3K-Akt pathway is the G1/S phase cell-cycle progression of 

human mammary epithelial cells through a mechanism that is partially associated with the change in 

localization or downregulation of p27 .[67] Akt-driven phosphorylation of p27 leads to its 

translocation from the nucleus to the cytoplasm, thereby, inhibiting its interaction with CDK2/cyclin E1.

[53] The consequence of lack of p27 /CDK2/cyclin E1 complex formation is a release of CDK2/cyclin 

E1 from inhibition, which induces cell-cycle progression and cell proliferation. Human breast cancer 

patients that express cytoplasmic p27  have reduced rates of survival. In tumors from such patients, 

the mislocalization of p27 is associated with the activation of Akt.[53,68,69] Interestingly, Trastuzumab 

or an inhibitor of PI3K can redistribute p27  from a cytoplasmic plus nuclear to predominately nuclear 

distribution in BT-474 cells. However, induction of nuclear translocation of p27 by Trastuzumab does 

not occur in BT-474 cells lines with acquired resistance to Trastuzumab,[70] thereby indicating that the 

subcellular location of p27  is important for the cytostatic and cytotoxic properties of Trastuzumab 

and resistance. Secondary to p27  redistribution, Trastuzumab also lengthens the half-life of p27  by 

inhibiting CDK2 activation, a prerequisite for p27  protein degradation via the ubiquitin proteasome 

pathway.[70–73] Stabilization of the p27  protein allows for complex formation of p27 /CDK2-

Cyclin E, resulting in a decrease in cell proliferation. Notably, reduction of the p27  levels by ubiquitin 

proteasome-dependent degradation results in the elevation of CDK2 activity in the Trastuzumab-

resistant SKBR3 cells.[72] These studies suggest that ErbB2 may regulate the functions of CDK2 and 

Cyclin E, and that both proteins may contribute to Trastuzumab resistance. In support of these 

observations, the suppression of ErbB2 expression by siRNAs in SKBR3 cells results in the decreased 

expression of cyclin E and the activities associated with this protein.[74] Moreover, treatment of SKBR3 

cells with Trastuzumab results in a decrease in the cyclin E protein levels, relocalization of p27 into the 

nucleus, as well as inhibition of cell-cycle progression and activation of apoptosis.[74] Furthermore, 

Trastuzumab-resistant, ErbB2-amplified BT-474 cells overexpress Cyclin E isoforms and exhibit 

elevated activity associated with the CDK2-Cyclin E complex. Suppression of Cyclin E expression by 

siRNAs in the Trastuzumab-resistant, ErbB2-amplified BT-474 cell line results in restoration of 

Trastuzumab sensitivity. 

Overexpression of Cyclin E may also contribute to the efficacy of Trastuzumab in the clinic. Specifically, 

the comparison of ErbB2+ patients with or without overexpression of Cyclin E has revealed that the 

coexpression of Cyclin E with ErbB2 resulted in shorter time to progression and poorer overall outcome 

in response to Trastuzumab.[45] In addition, patients with ErbB2+ tumors that overexpress Cyclin E 

have a worse prognosis in comparison to those that have ErbB2+ tumors with low Cyclin E.[75] 

However, an evaluation of tissue samples isolated from patients with various stages of cancer has 

revealed that the expression of cyclin E serves as a prognostic marker, irrespective of the ErbB2 status.

[76] Thus, these correlations need to be further explored with in-depth mechanistic analyses. 
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Evasion of immune-mediated cytotoxic responses 

The robustness of an ADCC-mediated response to Trastuzumab therapy is highly dependent on the 

patient's immune system.[77] Resistance mechanisms, potentially due to altered immune mechanisms 

include: (1) polymorphisms within Fcγ receptors expressed on immune cells that can affect the affinity 

for Trastuzumab Fc region binding;[40] (2) increased expression of Killer Inhibitory Receptors (KIRs) 

on NK cells, which can suppress NK activity;[78] (3) immunosuppression through cytokines produced 

by tumor cells;[79] and (4) tumor-intrinsic expression of the BH3-family of anti-apoptotic proteins that 

can antagonize Granzyme B-Perforin-induced apoptosis by cytotoxic lymphocytes/NK cells.[80] Again, 

an experimental analysis of the role of these mechanisms using appropriate animal models in the 

context of combined Trastuzumab plus chemotherapy regimens should further shed light on the relative 

roles of immune versus signaling mechanisms in therapeutic resistance. 

Breast Cancer Stem Cells 

Tumor Initiating Cells (TICs) or Cancer Stem Cells (CSCs) are thought to contribute to tumor recurrence 

after adjuvant treatments.[81–84] As the adjuvant therapy of ErbB2-driven breast cancers typically 

involves a combination of chemotherapy with Trastuzumab, it is important to understand whether the 

resistance is mechanistically related to the action of Trastuzumab or to the chemotherapeutic being used 

in the context of TICs/CSCs. Clinical studies have shown that Trastuzumab plus chemotherapy 

combination in an adjuvant setting has a favorable impact on the relapse rates,[85,86] suggesting that 

such a regimen may impact TICs/CSCs. Notably, the highest levels of ErbB2 expression have been 

reported within the TIC sub-population of the ErbB2-overexpressing tumor cell lines.[87,88] In the 

xenograft models, Trastuzumab treatment has been reported to result in the elimination of TICs/CSCs. 

This may explain the favorable outcomes reported in the adjuvant settings. Higher ErbB2 expression in 

TICs / CSCs appears to be at apparent odds with the strong correlation between the levels of ErbB2 

overexpression in breast cancers and the Trastuzumab response.[89] It is, however, possible that a 

higher level of ErbB2 in TICs/CSCs also endures maximal ErbB2 effects in these cells, and ensures that 

resistance to concurrent chemotherapeutic agents due to escape of TICs/CSCs is minimized. Any 

potential contribution of TICs to Trastuzumab refractoriness is probably a result of concomitant genetic 

alterations within the TICs, such as PTEN-loss, PI3K mutations, activation of the NFκB pathway or 

contributions from the Notch or Wnt signaling pathways, which have been reported to play a role in the 

maintenance of TICs.[90] To what extent Trastuzumab resistance, whether de novo or after therapy, 

might relate to altered TIC/CSC responses to Trastuzumab needs to be further explored. 

Several new therapeutic approaches based on insights into ErbB2 receptor biology and better cell 

biological understanding of the potential resistance mechanisms (as depicted in ), are being 

pursued and are at various stages of pre-clinical or clinical development. These are briefly summarized 

in  and some of the more promising approaches are discussed here. 

Blocking alternative growth factor receptor signaling 

As discussed earlier, a major signaling node in Trastuzumab action appears to be the PI3K-Akt pathway. 

As signaling downstream of the alternative growth factor receptors implicated in Trastuzumab 

resistance (such as, EGFR, ErbB3, p95ErbB2, and IGF-1R) converge on this node, several strategies are 

being tested to block the ability of alternative growth factor receptors to signal. One approach to achieve 

signal blockage, which has recently achieved considerable success, is the use of monocolonal antibodies 

that prevent ErbB2 heterodimerization with EGFR or ErbB3. Pertuzumab is one such antibody 

developed by Genentech (South San Francisco, CA, USA), which blocks the heterodimerization of ErbB2 

NEW THERAPEUTIC OPPORTUNITIES BASED ON THE BIOLOGY OF ERBB2
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with other ErbB receptors, especially ErbB3.[91] Pertuzumab in combination with Trastuzumab has 

been seen to have a higher efficacy in pre-clinical models.[92] Several studies involving Pertuzumab are 

currently in the Phase II/III trials.[93] Although the results are not published yet, a recent news and 

analysis report has published a ‘Trial Watch’ in the Nature Reviews in Drug Discovery (September 2011), 

announcing the preliminary results from a phase III clinical trial (involving 808 patients) of Pertuzumab 

plus Trastuzumab in combination with Docetaxel, which has claimed to significantly extend the 

progression-free survival of patients.[94] Alternatively, downstream signaling from alternative RTKs can 

be blocked using kinase inhibitors. Lapatinib (Tykerb , Glaxo SmithKline, UK), a dual EGFR/ErbB2 

inhibitor has been recently approved for clinical use in ErbB2+ breast cancer.[95] The addition of 

Lapatinib, in particular, has been shown to enhance the activity of Trastuzumab in both in vitro and in 

vivo studies.[96] Interestingly, the inhibition of ErbB2 kinase activity leads to an increase in the total 

ErbB2 and ErbB3 levels,[97] which could provide for the increased binding of Trastuzumab and 

promote anti-tumor effects, as the ErbB2 levels positively correlate with a response to Trastuzumab.[98] 

The Lapatinib plus Trastuzumab combination is currently in phase II clinical studies [ ]. In 

addition to Lapatinib, which is a reversible inhibitor, several irreversible kinase inhibitors are also being 

evaluated in cell-based pre-clinical studies as well as in clinical studies.[99] Neratinib (HKI-272) is one 

such agent that has been reported to be well-tolerated with significant clinical activity in phase II studies.

[100] Given the potential role of the heterogeneity of tumors with multiple alternative growth factors 

contributing to resistance, another approach being explored is the use of multi-targeted kinase 

inhibitors, such as Sorafenib, in combination with Trastuzumab.[66,101] 

Inhibition of downstream PI3K-Akt-mTOR signaling 

As increased expression of alternative growth factor receptors, PTEN-loss or mutant PIK3CA expression 

result in hyperactive PI3K-Akt signaling, inhibitors of PI3K, Akt, and mTOR (downstream target of Akt) 

as single drugs or in combination with Trastuzumab and/or chemotherapy are also being explored.[102] 

The PI3K inhibitor XL147 (Exelisis, San Francisco, USA) is currently in phase I/II clinical evaluations, in 

combination with Paclitaxel (clinicaltrials.gov). Interestingly, a recent study by Chakrabarty et al.,[103] 

has reported that PI3K inhibition leads to upregulation of multiple receptor tyrosine kinases. Such 

studies should help in the future design of basic research and clinical trials involving rational therapeutic 

combinations targeted at feedback regulatory pathways, to improve the clinical efficacy of Trastuzumab-

based therapies. Targeting of Akt, which is downstream of PI3K, has also been evaluated; however, a 

phase-2 study did not find any significant objective responses in breast cancer patients with metastatic 

disease treated with the Akt inhibitor Perifosine (Keryx Biopharmaceuticals, NY, USA).[104] On the 

other hand, inhibition of mTOR (downstream target of Akt) using RAD001 (Novartis, NY, USA) has 

been shown to improve the response to Trastuzumab in the breast cancer models of PTEN-loss and 

provide some clinical benefit in a phase I/II study, involving a small number of patients.[105] 

Enhancing Trastuzumab efficacy by targeting HSP90 

ErbB2 as well as a number of its downstream signaling proteins, including many implicated in 

Trastuzumab resistance, such as, ErbB2, p95ErbB2, Akt, CDK2, and cyclin E, are client proteins of the 

molecular chaperone HSP90. The kinase domains of both full-length ErbB2 and p95ErbB2, form 

complexes with HSP90 in cultured breast cancer cells and tumors.[106–108] The association of ErbB2 

with HSP90 is necessary for the stability and activity of the nascent and mature ErbB2 protein.

[9,106,107] Similar to ErbB2, the stability and activation of Akt are dependent on its interaction with 

HSP90.[109,110] In the case for Cdk2, only the folding and maturation of the protein is probably 

dependent on HSP90, as only the newly-synthesized protein associates with the chaperone[111] 

Furthermore, an indirect, novel mechanism for HSP90 chaperoning for Cyclin E, may exist, as it does 

not directly bind HSP90, but is unstable in the presence of inhibitors of HSP90.[112] 

Table 1
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Inhibition of the chaperone function of HSP90 using inhibitors of its ATPase activity such as 

geldanamycin and its derivative 17AAG results in the ubiquitination and subsequent degradation of 

client proteins including ErbB2, p95ErbB2, Akt, and cyclin E. Specifically, ErbB2 is rapidly endocytosed 

from the plasma membrane and/or rerouted from its recycling pathway to the lysosomes, in response to 

HSP90 inhibition.[9,113,114] The downregulation of ErbB2 correlates with a decrease of ErbB2 signal 

transduction, including the inactivation of the PI3K-Akt pathway, degradation of cell cycle proteins, 

inhibition of cell progression, and the induction of apoptosis.[9,115,116] Although the treatment of 

breast cancer cells with inhibitors of HSP90 or Trastuzumab is sufficient to induce the degradation of 

ErbB2, a combination of drugs is more effective than either alone, and is associated with a more 

profound inhibition of ErbB2 signaling.[9,115] Furthermore, this synergy also seems adequate to 

overcome the resistance to Trastuzumab. For example, evaluation of the xenograft models of 

Trastuzumab-resistance driven by ErbB2 alone or ErbB2 and p95ErbB2 has shown that a combination 

of Trastuzumab and HSP90 inhibitors results in a greater decrease of tumor growth than Trastuzumab 

or the inhibitor alone.[117,118] Clinically, the combination of HSP90 inhibitor Tanespimycin and 

Trastuzumab was also shown to act synergistically on Trastuzumab-resistant tumors.[118–120] A recent 

phase II clinical trial of patients with metastatic breast cancer has revealed that a majority of patients 

experiencing disease progression on initial Trastuzumab therapy, exhibited a partial response or 

stabilization of the disease when treated with a combination of Trastuzumab and Tanespimycin.[119] 

These studies suggest that combinatorial treatment of Trastuzumab-refractory metastatic breast cancer 

patients with Trastuzumab and HSP90 inhibitors can considerably improve the survival of patients with 

ErbB2+ breast cancer.[118,119,121] 

Exploiting overexpressed ErbB2 as an address for the targeted delivery of cytotoxic drugs 

Although multiple mechanisms may contribute to Trastuzumab-resistance, it does not appear to be due 

to loss of ErbB2 overexpression, based on most published cell-line models (as discussed in section 5.1). 

Therefore, one alternative strategy to overcome Trastuzumab-refractoriness is to exploit the cell-surface 

overexpression of ErbB2 and the high affinity with which Trastuzumab interacts with the receptor to 

achieve targeted delivery of cytotoxic drugs conjugated to Trastuzumab. Trastuzumab-MCC-DM1 (T-

DM1; DM1 is an anti-mitotic drug based on the Vinca alkaloid Maytansine) is an example of a successful 

antibody-drug conjugate, based on the rationale of using ErbB2 as an address for the specific delivery of 

cytotoxic drugs. T-DM1 (Genentech) has demonstrated potent and ErbB2-selective anti-cancer activity 

in several ErbB2-overexpressing and Trastuzumab-resistant cell-line models.[122,123] T-DM1 has also 

recently completed phase I and II clinical studies,[124,125] and has been found to be well-tolerated with 

significant objective response rates and improvements in the progression-free survival of patients. This 

concept of ErbB2-targeted delivery of cytotoxic drugs is also being explored in conjunction with the 

nano-particulate drug delivery systems, which utilizes polymeric micelles or liposomes encapsulating 

conventional chemotherapeutics that are decorated with anti-ErbB2 antibodies, to achieve targeted 

delivery of the chemotherapeutic payload. These studies are currently in the early stages of development 

at the cell biology and pre-clinical levels. 

Targeting angiogenesis and activating immune effectors 

Several additional pathways being explored as a target for overcoming Trastuzumab refractoriness are 

angiogenesis inhibition using anti-VEGF-A antibody Bevacizumab (Avastin , Genentech, San Francisco, 

USA), and by boosting the immune component of Trastuzumab action, using trifunctional antibodies 

such as Ertumaxomab (Rexomun , Fresenius Biotech GmbH, Germany). 

ErbB2-signaling has been implicated in tumor angiogenesis through the production of VEGF-A;

[121,126] therefore, the inclusion of anti-VEGF-A antibody Bevacizumab has been evaluated in 
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combination with Trastuzumab, Carboplatin, and Paclitaxel. However, the inclusion of Bevacizumab did 

not seem to provide significant clinical benefits.[127] In fact, in an adjuvant setting, the Bevacizumab 

plus Trastuzumab combination was not well-tolerated, and was casually linked to Bevacizumab-related 

toxicities.[127] Early studies with the trifunctional antibody Ertumaxomab (that targets ErbB2, CD3, 

and the activating Fcγ receptor) have shown promising activity, even in ErbB2 low-expressing cell lines.

[128] The phase I clinical studies have reported that the antibody is safe and well-tolerated.[129] 

Models of Trastuzumab-resistance 

Despite the wealth of information, a global understanding of the mechanism of resistance to 

Trastuzumab-based therapies remains unclear. This is partly because of extremely limited cellular and 

animal models of clinical resistance available for study. Most reported studies have relied on a few cell-

line models, which include: (1) BT-474 or SKBr-3 cell lines that have been selected for in vitro resistance 

by continuous culture in Trastuzumab;[70,72,118] (2) resistant clones derived from serially transplanted 

BT-474 xenografts in immune-compromised mice, continually treated with Trastuzumab in vivo;[45] (3) 

JIMT-1 cell line, which has been established from a patient resistant to Trastuzumab therapy.[130] The 

first two examples serve as the closest models for acquired resistance. However, as the tumor 

microenvironment, along with an intact immune system, is thought to play a major role in the cellular 

reprogramming that leads to resistance, the first two models may not accurately reproduce the 

characteristics of true acquired resistance. On the other hand, although JIMT-1, the only cell line 

available as a model of de novo resistance, has ErbB2 gene-amplification, the ErbB2 protein levels are 

much lower than the well-established ErbB2-overexpressing cell lines.[130,131] Moreover, its 

dependence on ErbB2 for growth is unclear, given the relative differences in sensitivities for growth 

inhibition by Lapatinib.[131] The cell line has been reported to also carry a mutant PI3K gene, have low 

expression of PTEN and also expresses high levels of Neuregulin 1 (NRG1; a ligand for ErbB3). A 

systematic endeavor to establish newer cell line models representing both de novo as well as acquired 

resistance from patients as well as direct transplants of patient tumor tissue, as xenotransplants in mice, 

together with a more thorough characterization of transgenic models, with an intact immune system, 

should help increase our understanding of Trastuzumab resistance. 

Newer genetically defined cell-line models can also be generated based on the identification of specific 

resistance factors. For example, as many studies appear to confirm PTEN loss as one of the factors, 

interrogation of the mechanistic role of PTEN in cell-line and experimental animal models, with stable 

or conditional knockdown/knockout of the PTEN gene will be very useful. Similarly as more information 

becomes available through the genomic analyses of patients who are responsive or resistant to 

Trastuzumab, newer models should become available. Such information could also hopefully lead to the 

future development of mouse models of Trastuzumab-resistance, which are currently lacking. These 

directions should help accelerate efforts to find solutions to overcome therapy resistance in the 

treatment of ErbB2-driven breast cancers. 

Identification of new factors that mediate Trastuzumab-Resistance using high-throughput screening 
approaches 

The phosphatase and tensin homolog (PTEN) is the only factor so far identified using a high-throughput 

RNAi screen done on the Trastuzumab-sensitive BT-474 cell line that has a clinical correlation as a 

biomarker for Trastuzumab resistance. Of late, a limited siRNA library (covering human kinases and 

phosphatases) has been used to screen for additional Trastuzumab resistance factors.[132] The 

investigators identified additional factors that may be mediators of Trastuzumab resistance, including 

p27 phosphatase (PPM1H) and PTPN11 and three kinases (DYRK1A, STK10, and STYK1). The meager 
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number of genes identified in the screens done to date suggests a potential limitation of loss of function 

strategies alone, as most Trastuzumab-resistance factors identified in other studies represent a gain of 

function (overexpression or mutation of genes that function as accessories or downstream components 

of ErbB2 signaling). Use of Trastuzumab-sensitive cell systems in loss of function approaches may 

therefore provide only part of the answer. Similar approaches on Trastuzumab-resistant cell lines are 

likely to lead to identification of a wider range of resistance factors. Conversely, the genome-wide 

overexpression of genes using human Open Reading Frame (ORF) libraries in Trastuzumab-sensitive 

cell line models could lead to the identification of other factors. A cross-validation of hits from these 

independent approaches in laboratory and pre-clinical models, in conjunction with clinical assessments 

of the hits as the potential biomarkers of resistance, would greatly aid in identifying newer therapeutic 

combinations for overcoming Trastuzumab-resistance. 

Despite economically challenging times, years of public and private non-profit investment in basic and 

translational cancer research has produced a wealth of knowledge and information about the 

mechanisms that drive and sustain oncogenic growth in cancer cells, placing us in a good position to 

rapidly find solutions to treatment challenges. Specifically, our understandings of the mechanism(s) of 

Trastuzumab as well as pathways that contribute to resistance have significantly improved, since its 

approval in 1998, as reviewed here. However significant challenges continue to remain in translating 

these findings toward improving patient outcomes, which will require integration of the efforts of basic 

scientists, clinicians, and the pharmaceutical industry alike, through active collaboration. Such 

improvements are likely to come as future studies integrate the molecular, biochemical, and cell 

biological understanding of the mechanisms of Trastuzumab action and resistance, gleaned from 

laboratory studies, together with information from the clinical evaluation of potential resistance factors 

and biomarkers of the Trastuzumab response. 
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(a) Summary of the proposed mechanism(s) of Trastuzumab action. The therapeutic effects of 

Trastuzumab are thought to be mediated through its ability to activate ADCC (in vivo) as well as 

cytostasis, induced via p27kip1-mediated cell cycle arrest, which can result from its effects on the 

following upstream pathways – (i) ErbB2 endocytosis, ubiquitinylation, and degradation; (ii) blocking 

dimerization-dependent activation of ErbB2 with EGFR or ErbB3; (iii) inhibition of PI3K-Akt signaling; 

(iv) blocking ErbB2-Src interaction to reverse Src-mediated phosphorylation (inactivating) of PTEN to 

reactivate PTEN; (v) inhibition of metalloprotease-induced shedding of the ErbB2-extracellular domain, 

leading to the prevention of constitutive signaling through p95ErbB2, and (vi) immune effector–

mediated cytolysis (b) The proposed mechanism(s) that causes Trastuzumab-resistance. The potential 

factors that can cause resistance to Trastuzumab are: (i) PI3K hyperactivation, which can occur via 

multiple pathways, such as, signaling from alternative growth factor receptors (EGFR, ErbB3, and IGF-

1R or p95ErbB2), PTEN-loss (through genetic or epigenetic mechanisms) or protein inactivation 

(through mechanisms such as oxidation, Src-dependent phosphorylation, and ubiquitin-dependent 

degradation), and PI3K mutations; (ii) Cyclin E dysregulation, which can occur due to overexpression of 

Cyclin E or downregulation of nuclear p27kip1; (iii) reduced endocytosis and lysosomal routing of ErbB2 

receptors, which can be caused due to hyperactivation of c-Src non-receptor tyrosine kinase or 

hyperactivation of Rac1 GTPase; (iv) loss of binding of Fcγ receptors on immune effector cells to the Fc 

portion of Trastuzumab due to Fcγ receptor polymorphisms. 
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Table 1 

 

New therapeutic approaches under evaluation to overcome Trastuzumab refractoriness in ErbB2-driven 

breast cancers 

Articles from Journal of Carcinogenesis are provided here courtesy of Medknow Publications 
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Background: Ada3 is a core component of HAT containing coactivator complexes.
Results: Germline deletion of Ada3 is embryonic lethal, and cell deletion leads to abnormal cell cycle progression.
Conclusion: Ada3 is a critical protein at organismic and cellular level.
Significance: This study describes a novel role of Ada3, a component of HAT complexes, as a critical regulator of cell survival.

Ada3 protein is an essential component of histone acetyl
transferase containing coactivator complexes conserved from
yeast to human.We showhere that germline deletion ofAda3 in
mouse is embryonic lethal, and adenovirus-Cre mediated con-
ditional deletion of Ada3 in Ada3FL/FL mouse embryonic fibro-
blasts leads to a severe proliferation defectwhichwas rescued by
ectopic expression of human Ada3. A delay in G1 to S phase of
cell cycle was also seen that was due to accumulation of Cdk
inhibitor p27 which was an indirect effect of c-myc gene tran-
scription control by Ada3. We further showed that this defect
could be partially reverted by knocking down p27. Additionally,
drastic changes in global histone acetylation and changes in
global gene expression were observed in microarray analyses
upon loss of Ada3. Lastly, formation of abnormal nuclei, mitotic
defects and delay in G2/M to G1 transition was seen in Ada3
deleted cells. Taken together, we provide evidence for a critical
role of Ada3 in embryogenesis and cell cycle progression as an
essential component of HAT complex.

The eukaryotic cell cycle progression depends on proper
coordination of DNA replication and duplication of chromo-

somes to daughter cells (1), a process precisely regulated by
modification of chromatin that allows the accessibility to fac-
tors involved in transcription (2). Thus, proteins involved in
modulating the structure of chromatin play an important role
in cell cycle progression. The post-translationalmodification of
core histones (H2A,H2B,H3, andH4) is an essential process for
altering chromatin structure (3, 4). Histone acetyl transferases
(HATs)6 and histone deacetylases are required to maintain
steady state levels of acetylation (5). Several HAT enzymes,
such as general control nonderepressible 5 (Gcn5), p300/CBP-
associated factor (PCAF), p300, and CREB-binding protein
(CBP), have been identified over the years (6, 7). Most of the
HATs are part of large complexes such as the human TBP-free
TAF complex (TFTC); the Spt3/Taf9/Gcn5 acetyltransferase
complex (STAGA) (human homolog of yeast SAGA complex)
and the Ada2a-containing (ATAC) complex that play a role in
several important processes, such as cell cycle (8, 9). Addition-
ally, previous studies from our laboratory and that of others
have demonstrated the presence of p300 HAT in Ada3-con-
taining protein complexes (10, 11). Given the combined pres-
ence of Ada3 with Gcn5 in a number of distinct HAT com-
plexes, recent evidence for a role of Gcn5 in regulating DNA
replication as well as mitosis (12–14) suggest that Ada3 may
also play a role in cell cycle. Despite the range of established and
potential cellular functions of Ada3 as part of multiple HAT
complexes, the in vivo physiological role of mammalian Ada3 is
not known.
We previously identified humanAda3 as a novel human pap-

illomavirus 16 E6-binding protein (15). Human Ada3 is the
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homologue of the yeast Ada3, an essential component of the
Ada transcriptional coactivator complex composed of Ada2,
Ada3, and a HAT component Gcn5 (16). Genetic studies in
yeast have demonstrated that Ada3 functions as a critical com-
ponent of coactivator complexes that link transcriptional acti-
vators, bound to specific promoters, to histone acetylation and
basal transcriptionalmachinery (17–19).We showed that Ada3
binds and stabilizes the tumor suppressor p53 protein and is
required for p53 acetylation by p300 (20). Work from our lab-
oratory has also shown that Ada3 is required for HAT recruit-
ment to estrogen receptors and their transcription activation
function (11). We and others have shown that Ada3 also asso-
ciates with and regulates transcriptional activity of other
nuclear hormone receptors, including retinoic acid receptor
(21) and androgen receptor (22).
Here, we used conditional deletion of mouse Ada3 gene to

explore the physiological importance of mammalian Ada3. We
demonstrate that homozygous deletion ofAda3 is early embry-
onic lethal. Ada3 deletion in Ada3Flox/Flox (Ada3FL/FL) MEFs
showed that Ada3 is required for efficient cell cycle progression
throughG1 to S transition aswell as for propermitosis. Detailed
analyses in this system revealed an Ada3-c-Myc-Skp2-p27 axis
that controls G1 to S phase progression and partly contributes
to cell cycle delay upon Ada3 deletion. Additionally, loss of
Ada3 showed dramatic decrease in acetylation of core histones
that are known to play an important role in cell cycle. Loss of
Ada3 also resulted in several changes in gene expression as
observed by microarray analyses. Notably, many of the genes
affected were involved in mitosis. Taken together, we present
evidence for an essential role ofmammalianAda3 in embryonic
development and cell cycle progression.

EXPERIMENTAL PROCEDURES

Generation of Ada3 Gene-targeted Mice, Isolation of Mouse
Embryos and PCR Genotyping—Details concerning generation
of conditional Ada3 knock-out construct and Ada3 knock-out
mouse as well as PCR genotyping strategies are described in the
supplemental data.
Cell Culture Procedures and Viral Infections—Embryonic

day 13.5 embryos were dissected from Ada3FL/� intercrossed
females, and MEFs were isolated and immortalized following
the 3T3 protocol (23). MEFs were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum. Adenoviruses expressing EGFP-Cre or enhanced green
fluorescent protein (EGFP) alone were purchased from the
University of Iowa (GeneTransferVectorCore). An adenovirus
dose of 50–100MOI diluted in 4ml of serum-freemediumwas
added to cells in 100-mm culture dishes (at about 30% conflu-
ence) and incubated for 1 h each at room temperature and at
37 °C followed by the addition of 7 ml of complete medium.
After overnight incubation at 37 °C, mediumwas replaced with
complete medium, and cells were carried further for various
experiments. To generate retroviral FLAG-hAda3 vector, full-
length FLAG-hAda3 (15) was cloned into pMSCVpuro vector
(Clontech). Retroviruses were generated by transiently trans-
fecting this retroviral construct into the Phoenix ecotropic
packaging cell line using the calcium phosphate co-precipita-
tion method. The retroviruses were transduced into Ada3FL/FL

MEFs by three infections at 12-h intervals using supernatant
from transfected Phoenix cells to generate Ada3FL/FL MEFs
expressing FLAG-hAda3. Scrambled shRNA (5�-GGTTAAA-
ACCTTACGATGT-3�) or p27 shRNA (5�-GTGGAATTTCG-
ACTTTCAG-3�) was introduced intoAda3FL/FLMEFsby using
three infections at 12-h intervals of the shRNA bearing pSU-
PER.retro.puro (Oligoengine) retrovirus containing superna-
tants from Phoenix cells. Retroviral infections were carried out
in the presence of 8�g/ml Polybrene (Sigma) andwere followed
by selection in 2 �g/ml puromycin for 48 h until complete loss
of uninfected cells.
Proliferation Assay, Colony Formation Efficiency Assay, and

Cell Cycle Analysis—To perform proliferation assays, 1 day
after adenovirus infection, cells were plated at different num-
bers in 6-well plates in triplicates (5 � 104 (for counting on day
3), 2.5� 104 (for counting onday 5), 1.25� 104 (for counting on
day 7), and 0.625 � 104 (for counting on day 9) and counted at
the indicated time points. For colony formation assay, cells 3
days after adenovirus-infection were trypsinized and plated at
1000 cells per 100-mm culture dishes in triplicates and carried
for 15more dayswithmediumchange as required. At the end of
incubation, colonies in dishes were fixed and stained with crys-
tal violet solution (0.25% crystal violet in 25% methanol) and
photographed. For cell cycle analysis, 2 days after plating and
adenoviral infection of 2 � 105 cells in 100-mm culture dishes,
cells were synchronized by replacing the complete medium
withDMEM� 0.1% FCS and incubating for 72 h. Synchronized
cells were stimulated with complete medium (DMEM � 10%
FCS) for various time points and harvested and stained with
propidium iodide (PI) for FACS analysis. For synchronization
of cells at G2/M phase, 48 h after adenovirus infection, cells
were switched to complete medium containing 125 ng/ml
nocodazole for 18 h. Following synchronization, cells were
washed three times with PBS and stimulated with complete
medium for various time points and analyzed by FACS after PI
staining.
Generation of Ada3 Monoclonal Antibody and Immunoblot-

ting—Antibodies used in this study can be found in the supple-
mental data.
In Vitro Kinase Assay—In vitro kinase assay was performed

using purified histone H1 (Roche Applied Science) or Rb (769)
(SantaCruzBiotechnology sc-4112) as a substrate. Adenovirus-
infected MEFs were starved for 3 days and stimulated with
serum.Cellswere harvested in lysis buffer (20mMTris-HCl (pH
7.5), 150 mM NaCl, 0.5% Nonidet P-40, 0.1 mM Na4VO3, 1 mM

NaF, and protease inhibitor mixture), and cyclin-dependent
kinase (Cdk) complex was recovered by immunoprecipitation
with 2 �g of either anti-Cdk4 (sc-56277)/Cdk6 (sc-53638) anti-
bodies mixture or anti-Cdk2 (sc-6248) antibody (Santa Cruz
Biotechnology). Cdk4/6 orCdk2 complexeswere capturedwith
protein G-agarose for 1 h and washed with lysis buffer followed
by one wash with kinase buffer (50 mM Tris-HCl (pH 7.5), 7.5
mM MgCl2, 1 mM dithiothreitol, 0.1 mM Na4VO3, and 1 mM

NaF). Cdk2 complex was incubated with histone H1 (2 �g) or
Rb (500 ng), whereas Cdk4/6 complex was incubated with only
Rb (500 ng) in kinase buffer containing 10 mM �-glycerophos-
phate, 33 �MATP, and 10 �Ci of [�-32P]ATP (10mCi/ml, 6000
Ci/mmol) at room temperature for 20 min. The products were
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subjected to SDS-PAGE, transferred to polyvinylidene difluo-
ride membranes (PVDF), and autoradiographed.
Analysis of the p27 Protein Turnover—Ada3FL/FLMEFs were

plated in 100-mm dishes and infected with control or Cre
adenoviruses. For analyzing p27 protein half-life in exponen-
tially growing cells, 2 days after adenovirus infection, cells were
treated with 50 �g/ml cycloheximide (Sigma) and harvested at
the indicated time points. For analyzing p27 protein half-life in
serum-starved cells, 2 days after adenovirus infection, cells
were starved for 72 h in 0.1% serum-containing medium. Sub-
sequently, 50 �g/ml cycloheximide was added to the medium,
and cells were harvested at the indicated time points. Total cell
extracts were prepared, and equivalent amounts were run on
SDS-PAGE and analyzed by Western blotting. Densitometry
analysis was carried out on scanned images using ImageJ
software.
RNA Extraction and Quantitative Real-time PCR—TRIzol

reagent (Invitrogen) was used to isolate total RNA from MEFs
infectedwith control virus orCre adenovirus. 2�g of total RNA
was used for reverse transcriptase reaction using Super-
ScriptTM II reverse transcriptase (Invitrogen). Real-time PCR
quantification was performed in triplicates using SYBR Green
PCRmaster mix (Applied Biosystems) and the primers listed in
supplemental Table S3. Expression levels were normalized
against�-actinmRNA levels, and the results were calculated by
the ��Ct method.
Chromatin Immunoprecipitation Experiments—Approxi-

mately 0.7 million Ada3FL/FL MEFs were plated in 100-mm
dishes and infected with control or Cre adenoviruses. Forty-
eight hours after infection, cells were synchronized with
DMEM� 0.1% FCS for 72 h and then stimulatedwith complete
medium (DMEM � 10% FCS) for 0–60 min as indicated for
each experiment in Fig. 8C. ChIP experiment was performed by
using the ChIP-IT Express kit from Active Motif. PCR amplifi-
cation was performed using primers for the c-myc enhancer
(forward, 5�-CTAGAACCAATGCACAGAGC-3�; reverse,
5�-CTCCCAGGACAAACCCAAGC-3�) and for the Skp2
promoter (forward, 5�-GCCATCGAGACCCCGGAGAT-3�;
reverse, 5�-TGAGTCCCTTCCAGACGCTGT-3�). Control
PCR was performed using primers for the c-myc distal
site (forward, 5�-ACACACCTTGAATCCCGT-3�; reverse,
5�-CCCAGCTAGAATGAAGAAG-3�) and the Skp2 distal
site (forward, 5�-GTGCTAGCTGCTTACCTTTGT-3�; re-
verse, 5�-GATAAGGATGCACTCTGGGGC-3�). PCR prod-
ucts were analyzed on 2% agarose/Tris-acetate-EDTA gels
with ethidium bromide stain. PCR of the input DNA prior to
immunoprecipitation was used as a control.
Generation of Recombinant Baculoviruses and Ada3-His

Expression Using Bac-to-Bac� Expression System—Ada3 bacu-
loviral construct information and recombinant protein purifi-
cation are detailed in the supplemental data.
HAT Assay—Protocol used for in vitro HAT assay can be

found in the supplemental data.
Microarray Analyses—Protocol for microarray analyses is

described in the supplemental data. The microarray data from
this publication have been submitted to the GEO database and
have been assigned the following Series record: GSE37542.

RESULTS

Deletion of Ada3 Leads to Early Embryonic Lethality in Mice—
The targeting construct generated using the recombineering
technique (supplemental Fig. S1A; see supplemental Materials
and Methods) was electroporated into an ES cell line derived
from the 129/Ola strain of mice. Screening of resultant neomy-
cin-resistant colonies yielded three correctly targeted clones
(supplemental Fig. S1B). One positive clone was microinjected
into blastocysts. The resulting chimeras transmitted the tar-
geted allele to their progeny as verified by PCR. The neomycin
cassette flanked by Frt recombination sites was removed by
crossing the Ada3-targeted mice to FlpE recombinase trans-
genic mice (B6.Cg-Tg (ACTFLPe) 9205Dym/J; stock number
005703). Homozygous Ada3FL/FL mice were viable and fertile
and exhibited no gross abnormalities when compared with
Ada3FL/� or Ada3�/� controls. To achieve Ada3 deletion,
heterozygous Ada3-targeted mice (Ada3FL/� mice) were bred
with transgenicmice expressing the adenovirus EIIa promoter-
driven Cre (B6.FVB-Tg (EIIa-Cre) C5379Lmgd/J). EIIa directs
Cre expression in a wide range of tissues including germ cells.
Heterozygous Ada3-targeted, Cre transgene-positive mice
were crossed to C57BL/6J (wild-type) mice to generate
heterozygous Ada3-deleted, Cre transgene-negative (Ada3�/�)
mice. Heterozygous Ada3�/� mice of a mixed 129/Sv �
C57BL/6 background were viable and fertile, and their median
life span of more than 18 months was comparable with that of
their control littermates (data not shown). Heterozygous
Ada3�/� mice were intercrossed to obtain homozygous Ada3-
null mice. No Ada3�/� mice were observed among 224 live
born pups screened (Table 1). The ratio of wild type to
heterozygous offspring was 1:2, indicating that the loss of one
Ada3 allele does not lead to haploinsufficiency in mice.
To assess the specific period of developmental failure in the

Ada3 knock-out mice, embryos derived from Ada3�/� inter-
crosses were genotyped at different stages of gestation using a
duplex PCR method (supplemental Fig. S1, C and D). Because
no homozygous mutant embryos were recovered beyond
embryonic day 8.5 (E8.5; Table 1), blastocysts were isolated at
3.5 days postcoitum and genotyped directly by PCR (supple-
mental Fig. S1E).When compared with blastocysts ofAda3�/�

and Ada3�/� genotypes, Ada3�/� blastocysts that attached to
culture dishes showed severe growth retardation of the tropho-
blast layer, and the inner cell mass was absent (supplemental
Fig. S1F). PCR analysis revealed that �25% of blastocysts ana-
lyzed were null for Ada3 (Table 1). These results demonstrate
that Ada3 plays a critical role in early embryogenesis in mice.
The failure of Ada3�/� embryos to remain viable beyond E3.5
suggests a potential role of Ada3 in cell proliferation because

TABLE 1
Genotype analysis of embryos from heterozygous intercrosses

Stage
Total no. of
embryos

No. (%) of embryos
WT Heterozygous KO Resorbed

Live born 224 75 (33) 149 (66) 0 0
E12.5 14 3 (21) 5 (36) 0 6 (43)
E 9.5 15 8 (53) 2 (13) 0 5 (33)
E 8.5 44 12 (27) 27 (61) 0 5 (11)
E 3.5 15 4 (27) 7 (47) 4 (27) 0
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extensive cellular proliferation occurs during this early stage of
embryogenesis (see later sections).
Ada3 Is Ubiquitously Expressed in Adult Mouse Tissues—

Embryonic lethality ofAda3�/�mice suggested a potential role of
Ada3 in growth and development of many tissues. To examine
whetherAda3 is expressed inadult tissues,weanalyzed therelative
levels ofAda3protein expression in a rangeof adultmouse tissues.
For this purpose, lysates from various tissues of 8-week-old
wild-type mice were subjected to immunoblotting using an
anti-Ada3 monoclonal antibody generated in our laboratory
(see supplemental Materials and Methods). As seen in sup-
plemental Fig. S2, Ada3 is ubiquitously expressed in all the
tissues with higher levels seen in the mammary gland, lung,
and thymus. These results suggest potentially ubiquitous
functional roles of Ada3 and are consistent with embryonic
lethal phenotype of its germline deletion.
Conditional Ada3 Deletion in MEFs Leads to Proliferation

Arrest—Given the embryonic lethality as a result of Ada3 dele-
tion, we resorted to a cellular model of conditional Ada3 dele-
tion to investigate its roles at the cellular level. For this purpose,
we generated Ada3FL/FL mice by interbreeding Ada3FL/� mice
and establishedMEFs from thesemice. ConditionalAda3 dele-
tion was obtained by infecting Ada3FL/FLMEFs with an adeno-
virus expressing theCre recombinase (adeno-Cre), with adeno-
GFP serving as a control. To assess the effects of Ada3 on cell
proliferation, equal numbers of control- and adeno-Cre-in-
fected MEFs were plated a day after adenoviral infection, and
cells were counted at the indicated time points up to 9 days.
Notably, Ada3-deleted MEFs exhibited a significantly slower
rate of proliferation when compared with control MEFs
(Fig. 1A, left). To confirm that the defect in cell proliferation
was specifically due to depletion of Ada3, we generated
Ada3FL/FL/hAda3MEFs by retrovirally introducing humanAda3

(hAda3) with an N-terminal FLAG tag into Ada3FL/FL MEFs.
These transfectants were verified to be expressing the exoge-
nous FLAG-taggedAda3 protein (Fig. 1B). Similar toAda3FL/FL

MEFs, adeno-Cre infection of these cells led to deletion of
endogenous Ada3 and loss of its protein product (Fig. 1B).
Notably, however, Cre-mediated deletion of Ada3 in
Ada3FL/FL/hAda3MEFs had aminimal effect on the proliferation
of MEFs, whereas similar treatment of Ada3FL/FL MEFs led to
reduction in the rate of proliferation; thus, the proliferative
defect induced by deletion ofmouseAda3 inMEFswas rescued
by exogenous hAda3 (Fig. 1A, right). Colony formation effi-
ciency assay, as an independent method to measure the extent
of cell proliferation, further confirmed the proliferative defect
of Ada3-deleted MEFs that could be rescued by reconstitution
with exogenous hAda3 (Fig. 1, C and D).
Ada3 Is Required for Cell Cycle Progression through G1 to S

Phase—We reasoned that the proliferation defect upon Ada3
deletion in MEFs could reflect a role of Ada3 in cell cycle pro-
gression. To directly examine whether Ada3 plays a role in cell
cycle progression, Ada3FL/FL MEFs were infected with control
and Cre adenoviruses, arrested in G0/G1 by serum deprivation
for 72 h, and then synchronously released into cell cycle by
serum stimulation. FACS-based cell cycle analysis of pro-
pidium iodide-stained cells showed significant delay in G1 to S
progression in Ada3-deleted MEFs when compared with con-
trolMEFs (Fig. 2A). Of note, the relative distribution of S phase
in Ada3-null MEFs after 20 h of serum stimulation was about
half (31.6 � 2.33 S.E. %) of the control virus-infected MEFs
(56.05 � 4.71 S.E. %) (Fig. 2B). These results demonstrate that
conditional deletion of Ada3 leads to delay in G1 to S progres-
sion in MEFs, indicating an essential role of Ada3 in efficient
G1/S progression.

FIGURE 1. Ablation of Ada3 causes proliferation defect in MEFs. A, growth curves of Ada3FL/FL (left) and Ada3FL/FL/fhAda3 (right) MEFs after control
adenovirus (Ctrl)or Cre adenovirus (Cre) infection. Data are mean � S.E. from three independent experiments performed in triplicates. B, Ada3 protein
levels at different time points after Cre adenovirus infection. Note that reconstituted control cells express both mouse (mAda3; lower band) and human
(FLAG hAda3; upper band) proteins, whereas only hAda3 is seen in Cre adenovirus-infected cells. C, colony formation assay. Crystal violet staining of the
indicated cells infected with control virus or Cre adenovirus grown for 10 days is shown. D, Western blotting of lysates from C showing exogenous and
endogenous Ada3.
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Elevated p27Kip1 Levels and Impaired Rb Phosphorylation
upon Conditional Ada3Deletion—Given the delay in G1/S pro-
gression imposed by inducedAda3 deficiency, we examined the
status of key proteins known to control the G1/S transition. A
well established and critical event during G1 to S progression is
the phosphorylation of Rb byCdk complexes (particularly com-
plexes containing Cyclins D, E, or A), such as Cdk4/6 and Cdk2
(24, 25); phosphorylation of Rb leads to its release from Rb/E2F
complexes, relieves E2Fs from repression, and facilitates the
expression of E2F-responsive genes important for S phase pro-
gression (24, 25). Furthermore, degradation of Cdk inhibitors,
such as p27, is required for progression of cells from G1 to S
phase (26, 27). Therefore, we carried out Western blotting of
cell lysates obtained from control versus conditional Ada3-de-
leted MEFs released into synchronous cell cycle progression to
assess the levels of proteins relevant to the G1 to S phase tran-
sition. Notably, althoughminimal to no changes were observed
in the levels of Cdk2, Cdk4, Cdk6, p16, p21, cyclin E, and cyclin
D, a significant increase in p27 levels, a delay in the cell cycle-
associated increase in cyclin A levels, and a lower level of Rb
phosphorylation were observed in MEFs upon Ada3 deletion
when compared with control cells (Fig. 3A).
In view of increased levels of p27without a significant change

in the levels of Cdk proteins in cells with Ada3 deletion, we
assessed the level of Cdk2 kinase activity using an in vitro kinase
assay on immunoprecipitates from cells. Although the Cdk4/6
kinase activity was comparable between control- and adeno-
Cre-infected MEFs (Fig. 3B), the level of Cdk2 kinase activity
was substantially reduced in Cre-infected MEFs when com-
pared with control MEFs (Fig. 3B). These results suggest the
potential reduction of Cdk2 kinase activity in theAda3-deleted
cells as a result of an increase in the levels of p27, accounting for
defective Rb phosphorylation.
Accumulation of p27 upon Ada3 Deletion Is due to Increased

Stability of p27—As accumulation of p27 levels upon Ada3
deletion appeared to be functionally important, we examined
whether this accumulation was at the transcriptional or post-
transcriptional level. Real-time PCR analysis showed that

serum stimulation resulted in a marked reduction in the levels
of Cdkn1b mRNA in both the control-infected and the Cre-
infected cells (Fig. 4A); furthermore, the levels of Cdkn1b
mRNA at various time points after serum addition remained
comparable between the two cell populations, reinforcing the
idea that the increase in p27 protein levels inAda3-deleted cells
was likely to be at a post-transcriptional level. As alterations in
protein stability are a prominent mechanism to control Cdk
inhibitor levels (28), we compared the half-life of p27 protein in
WT versusAda3-deletedMEFs using two distinct experimental
formats; the first one utilized exponentially growing cultures,
whereas the second one utilized cells first arrested in G1 by
serum deprivation for 72 h followed by synchronous release
into cell cycle by serum addition. In each case,Ada3FL/FLMEFs
infected with control or Cre adenoviruses were treated with
cycloheximide to block new protein synthesis, and p27 levels in
cell lysates following cycloheximide treatment were quantified
using immunoblotting at various time points. Previous work
has shown that p27 half-life in exponentially growing MEFs is
about 3 h and increases to about 8 h in serum-starved cells (29).
We found the p27 half-life in cells infected with control adeno-
virus was consistent with published results, i.e. approximately
2 h and 40 min in exponentially growing MEFs, whereas in
growth-arrested cells, half-life was approximately 3 h and 30
min (Fig. 4, B–E). Notably, in both experimental formats, we
observed a substantial increase in p27 protein half-life upon
Cre-dependent Ada3 deletion, with approximate half-lives of
4 h and 10min and 6 h in exponentially growing versus synchro-
nous culture formats, respectively. These results strongly sup-
port our conclusion that accumulation of p27 protein upon
Ada3 deletion is due to its increased stability.
Depletion of p27 from Conditionally Deleted Ada3 MEFs

Causes a Partial Rescue of G1/S Progression Defects—Reduced
activity of the p27 target Cdk2 in Ada3-deleted MEFs strongly
suggested a role for p27 in defective cell cycle progression in
these cells. To directly establish whether this is the case,
we generated stable p27 knockdown Ada3FL/FL MEFs
(Ada3FL/FL/p27shRNA) by infectingAda3FL/FLMEFswith a retro-

FIGURE 2. Ada3 disruption delays G1 to S transition in MEFs. A, control (Ctrl)- or Cre- infected Ada3FL/FL MEFs were serum-starved for 72 h and then released
from synchrony as described under “Experimental Procedures” and processed for PI staining followed by FACS analysis. Cells in different phases of the cell cycle
are shown from a representative experiment. B, graph derived from three independent experiments performed as in A, showing the proportion of cells
entering into S phase at the indicated times after serum restimulation. Error bars are mean � S.E. from three independent experiments (**, p � 0.0096,
two-tailed Student’s t test).

Ada3 Regulates Cell Cycle Progression

29446 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 35 • AUGUST 24, 2012

 at U
niversity of N

E
 M

edical C
enter, on S

eptem
ber 27, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 



virus expressing a p27-specific shRNA followed by selection in
puromycin, which resulted in a significant knockdown of p27
expression in these cells (Fig. 5A). Next, we infected the
Ada3FL/FL/p27shRNA MEFs with control or Cre adenovirus and
analyzed these for cell cycle progression using serum depriva-
tion followed by serum stimulation, as above (Fig. 5B). Notably,
a partial but clear rescue of the G1/S delay was observed in p27
shRNA-expressing cells, as seen by amuch larger percentage of
cells entering the S phase (41.4 � 3.5 S.E. % in p27shRNA
expressing conditionally deletedAda3MEFs versus 31.6� 2.33
S.E. % in Ada3-deletedMEFs at 20 h; compare Fig. 5Cwith Fig.
2B). Importantly, the levels of cyclin A, which is known to be
expressed during G1/S transition and to peak in the S phase, as
well as hyperphosphorylation of Rb, were essentially fully res-
cued by p27 shRNA knockdown (Fig. 5D; compare with Fig.
3A). Taken together, these results clearly demonstrate an
important role of Ada3-dependent control of p27 levels in pro-
moting cell cycle progression.
Deletion of Ada3 Leads to Reduced Protein andmRNA Levels

of Skp2 and c-Myc—Given the causal link established above
between p27 accumulation andG1/S cell cycle delay uponAda3
deletion, we wished to examine the molecular mechanism by
which loss of Ada3 promotes p27 stability. Published studies
have established a major role of Skp2-containing E3 ubiqui-
tin ligases in regulating p27 protein turnover during cell
cycle progression (30). As Skp2 is a transcriptional target of
c-Myc (31) and Ada3-containing STAGA complex has been
shown to increase myc mRNA transcription (32, 33), the
possibility of an Ada3-c-Myc-Skp2-p27 regulatory pathway
appeared to be a plausible mechanism for our findings. To

explore this hypothesis, we first examined the effects of
Ada3 deletion on the levels of Skp2 mRNA (real-time PCR)
and protein (immunoblotting). For this purpose, Ada3FL/FL
cells infected with control or Cre adenovirus were serum-
deprived and released into synchronous cell cycle progres-
sion by adding serum followed by analyses of Skp2 mRNA
and protein at various time points. Notably, Skp2 mRNA and
protein levels were substantially lower at each comparable
time point in adeno-Cre-infected versus control MEFs (Fig.
6, A and B). These results indicate that Ada3 deletion indeed
leads to reduction in Skp2 levels and that this effect is likely
due to reduced Skp2 gene transcription.
Next,we askedwhetherAda3deletion alters c-MycmRNA lev-

els and whether Ada3 directly binds to c-myc promoter. Indeed,
analysis of control versus Ada3-deleted MEFs stimulated with
serum to undergo cell cycle progression demonstrated that c-Myc
mRNA as well as protein levels were significantly lower at each
time point examined upon deletion of Ada3 from cells (Fig. 6, C
and D). Consistent with this, we observed lower occupancy of
mouse Skp2 promoter by c-Myc upon deletion of Ada3, which
supports our results (supplemental Fig. S3). Finally, to establish
that Ada3 indeed participates in the enhancement of myc gene
transcription,we carriedoutChIPanalysis to assesswhetherAda3
is recruited to c-myc enhancer during cell cycle progression.
Indeed, a rapid recruitment ofAda3, aswell as RNApolymerase II
(used as positive control), to c-myc enhancer at�1.4 kb relative to
transcription start site (but not to a distal site at �5 kb) was seen
uponserumstimulationofMEFs (Fig. 6E).Asexpected,wedidnot
detect any signals after immunoprecipitationwith anti-Ada3 anti-
body in cells infectedwith adeno-Cre.These results therefore sup-

FIGURE 3. Effect of Ada3 depletion on expression of cell cycle regulator proteins and Cdk2 kinase activity. A, Ada3FL/FL MEFs infected with control (Ctrl)
and Cre adenoviruses serum-starved for 72 h, released from synchrony as described under “Experimental Procedures,” and processed for immunoblot analysis
of the indicated cell cycle proteins. hyper, hyperphosphorylated; hypo, hypophosphorylated. B, anti-Cdk2 or anti-Cdk4/6 immunoprecipitations performed
using 300-�g extracts of Ada3FL/FL MEFs infected with control or Cre adenovirus were subjected to in vitro kinase assay using histone H1 or Rb as a substrate.
WB, Western blot; IP, immunoprecipitation.
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port the existence of a novel cell cycle-associated, Ada3-regulated
signaling pathway that promotes G1/S cell cycle progression by
regulating p27 stability through Myc-dependent control of Skp2
expression.
Ada3 Deletion Leads to Decreased Histone Acetylation—As

we observed a partial rescue of G1/S transition inAda3-deleted
MEFs after knockdown of p27, we speculated that Ada3 dele-
tion-induced cell cycle arrest may involve other pathways as
well. Given the known literature on Ada3 as part of HAT
complexes (8, 9), we examined whether Ada3 is involved in
controlling global histone acetylation. Therefore, we
assessed the effect of Ada3 deletion on lysine acetylation of
various core histones. We expressed Cre recombinase in
Ada3FL/FL MEFs and harvested protein samples from asyn-
chronous cultures after 3 days of infection. Western blotting
using antibodies against important acetylated lysine residues
of all four core histones (H2A-K5, H2B-K5, H3-K9, H3-K56,
and H4-K8) showed a significant reduction in acetylation at
all these sites in Ada3-deficient MEFs when compared with

control MEFs (Fig. 7A), indicating that Ada3 is essential in
maintaining global histone acetylation.
We further examined the effect of Ada3 deletion on acetyla-

tion of core histones after synchronizing cells in G1 phase and
subsequent release. There was a dramatic down-regulation of
H3-K9 acetylation and a slight decrease in acetylation of
H2B-K5 in Ada3-deleted MEFs when compared with control-
MEFs, whereas this defect was rescued in Ada3FL/FL MEFs
reconstituted with exogenous human FLAG-Ada3 (Fig. 7B),
suggesting that the defect in histone acetylation seen in Ada3-
deleted MEFs was a consequence of Ada3 deletion. Histone
acetylation has been shown to be important for deposition of
histones during replication-coupled nucleosome assembly as
well as for chromatin maturation following DNA replication
(34, 35). Thus, the partial rescue in G1 to S transition observed
upon knockdown of p27 inAda3-deficient cells could be attrib-
uted tomassive histone acetylation defects, which would create
difficulties for cells to undergo DNA replication and thus delay
transition through S phase.

FIGURE 4. Deletion of Ada3 does not affect p27 transcription but extends p27 protein half-life. A, unaltered p27 mRNA levels after Ada3 deletion. Real-time
RT-PCR analysis of p27 mRNA levels from cells as treated in Fig. 2 was performed. Signals were normalized to �-actin levels and plotted relative to the level of
p27 mRNA in starved control (Ctrl) cells. Error bars show mean � S.E. from three independent experiments. B–E, Ada3 deletion in MEFs extends p27 half-life.
B, 48 h after adenovirus infection, MEFs were treated with 50 �g/ml cycloheximide and harvested at the indicated time points, and p27 and �-actin protein
levels were analyzed by immunoblotting. C, the intensity of p27 bands was quantified by densitometry, normalized to �-actin using ImageJ software, and
plotted against the time of cycloheximide treatment. Each decrease of 1 unit of log 2 is equivalent to one half-life. The lines were generated by linear regression
formula. D, after 48 h of adenovirus infection, MEFs were starved using 0.1% serum-containing medium for 72 h and subsequently treated with 50 �g/ml
cycloheximide and harvested at the indicated time points. Cell lysates were analyzed by Western blotting using antibodies against p27 and �-actin. E, graph
made from experiment in D by using the same procedure as in C.
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Recombinant Ada3 Stabilizes HAT Enzymes and Enhances
Their Activity—Ada3 protein has been identified as an impor-
tant component of protein complexes containing HAT
enzymes. Therefore, we subjected samples harvested after 3
days of Ada3 deletion to immunoblotting with two impor-
tant HATs such as p300 and PCAF. Indeed, deletion of Ada3
caused drastic down-regulation of p300 and PCAF in MEFs
(Fig. 7C). Notably, Ada3 deletion had no effect on the mRNA
levels of p300 and PCAF (data not shown). Thus, the defects
in histone acetylation seen in Ada3-null MEFs could be
attributed to the effect of Ada3 deletion on stability of
important HATs in cells.
In addition to the role of Ada3 in stability of HAT enzymes,

we explored whether Ada3 catalyzes the activity of HAT
enzymes. AlthoughAda3 is shown to be important inmaintain-
ing stability of HAT complexes, it has not been demonstrated
whether Ada3 directly modulates the activity of known HAT
enzymes such as p300. Thus, we expressed and purified bacu-
loviral hAda3 and used it in an in vitro assay in which HAT
activity of p300 histone acetyl transferase enzyme on histone
substrates was measured. As seen in Fig. 7D, increasing
amounts of Ada3 resulted in increased acetylation of histone
H1 and histone H3 by p300, suggesting that Ada3 plays an
important role in enhancing the HAT activity of p300. To fur-
ther explore the role of Ada3 in histone acetylation, we used
only histone H3 as a substrate and observed an Ada3 dose-de-
pendent increase in acetylation of histone H3 by p300 (Fig. 7E).
Thus, Ada3 manifests its effect on histone acetylation by main-

taining the integrity of various HAT complexes and by enhanc-
ing the catalytic activity of HATs.
Deletion of Ada3 Leads to Global Gene Expression Changes—

Given the links between Ada3 and transcriptional activation, we
used control andAda3-deleted cells to performmicroarray analy-
ses. As expected, the expression ofmultiple geneswas altered; 539
genes were down-regulated and 928 genes were up-regulated �

1.5-fold upon Ada3 deletion (supplemental Table S1). Validation
of some of the deregulated genes from microarray by real-time
PCR showed good co-relation with the microarray data (supple-
mental Fig. S4). Ingenuity pathway analyses showed that most of
the genes affected were involved in controlling cell growth, prolif-
eration, andcelldeath (supplementalTableS2, topbiological func-
tions affected; cell growth and proliferation (386 genes) and cell
death (359 genes)). The top network affected was the RNA post-
transcriptional modification and cellular assembly and organiza-
tion network, whereas the cell cycle, endocrine system develop-
ment and function, and cancer network was the third most
affected network (supplemental Fig. S5). Notably, c-myc and Skp2
genes thatwedescribed aboveweredown-regulated1.4- and1.43-
fold, respectively.This is lower thanwhatweobservedbyreal-time
PCR and could be attributed to the fact thatmicroarray data were
performed on asynchronous populations, whereas the real-time
PCR data were performed on synchronous cells (Fig. 6, A and C).
Interestingly, many of the genes present in cell growth and prolif-
erationsetwere those involved incontrollingcelldivisionaswell as
some involved in DNA replication (Table 2).

FIGURE 5. p27 depletion partially rescues G1 to S transition defects seen in Ada3-null MEFs. A, Ada3FL/FL MEFs were infected with retrovirus-expressing
scrambled or p27 shRNA followed by selection for 2 days in puromycin and analyzed by immunoblotting using p27 and �-actin antibodies. B, PI staining and
FACS analysis of Ada3FL/FL MEFs expressing p27 shRNA that were infected with either control (Ctrl) or Cre adenoviruses and synchronized as in Fig. 2. C, graph
derived from three experiments as in B showing the proportion of cells entering into S phase at the indicated times after serum restimulation. Error bars indicate
mean � S.E. from three independent experiments. D, immunoblotting of protein samples from B showing rescue of hyperphosphorylated (hyper) Rb and cyclin
A levels. hypo, hypophosphorylated.

Ada3 Regulates Cell Cycle Progression

AUGUST 24, 2012 • VOLUME 287 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 29449

 at U
niversity of N

E
 M

edical C
enter, on S

eptem
ber 27, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 



Ada3 Deletion Leads to Defects in Cell Division and Accumu-
lation of Abnormal Nuclei—Based on our microarray analyses
where several mitotic genes were affected upon deletion of
Ada3 and a recent study showing the role of Ada3 in mitosis
upon shRNA deletion (14), we examined the effect of Ada3
deletion on mitotic phase of cell cycle. These analyses showed
that Cre-mediated Ada3 deletion led to increased accumula-
tion of cells with abnormal nuclei when compared with control
MEFs. Ada3-deficient MEFs showed various nuclear abnor-
malities such as fragmentation, lobulation, andmultinucleation
(Fig. 8A). When compared with 13.08 � 2.39 S.E. % control
MEFs, 83.41 � 3.45 S.E. % of Ada3-deficient MEFs showed
abnormal nuclei (Fig. 8B). Live imaging of cells for 24 h showed
that themajority ofAda3-deleted cells failed to divide normally.
Some of the cells snapped back while attempting to undergo
cytokinesis, leading to the formation of binucleated cells,
whereas other cells that had normal nucleus before mitosis
showed fragmented nuclei afterward and were unable to
divide. In other cases, cell division resulted in the formation
of anucleated daughter cells (Representative images shown

in supplemental Fig. S6). Taken together, these results dem-
onstrate an indispensable role of Ada3 in normal cell cycle
progression. The cell division defect results reported here
corroborate with an earlier published study showing similar
defects upon shRNA knockdown of Ada3 (14). Mitotic
defects observed in their study were attributed to acetylation
of a non-histone substrate cyclin A, and no changes in his-
tone acetylation upon knockdown of Ada3 were reported. In
contrast, we observed a dramatic change in global histone
acetylation and expression of various genes involved inmito-
sis. Although at present we cannot explain this discrepancy,
the differences in the results may be partly attributable to the
use of different cellular systems and differences in
approaches followed such as shRNA or Cre-mediated to
delete Ada3.
Deletion of Ada3 Leads to Delay in G2/M to G1 Progression—

As deletion of Ada3 in MEFs led to defects in cell division, we
reasoned that the disruption of Ada3 should exert an effect on
G2/M toG1 transition. To examine this effect, we synchronized
control- and Cre-adenovirus-infected Ada3FL/FL MEFs at

FIGURE 6. Deletion of Ada3 from MEFs leads to reduced mRNA and protein levels of Skp2 and c-Myc. A, analysis of Skp2 mRNA levels by real-time RT-PCR
from cells as treated in Fig. 2. Signals were normalized to �-actin levels and plotted relative to the level of Skp2 mRNA in starved control cells. Error bars
represent mean � S.E. from three independent experiments (*, p � 0.015, 0.036, 0.043, and 0.032 for 16, 20, 24, and 28 h, respectively by two-tailed Student’s
t test). B, immunoblots showing Skp2 protein levels in cells treated as in A. C, analysis of c-Myc mRNA levels by real-time RT-PCR from cells as treated in Fig. 5.
Signals were normalized to �-actin levels and plotted as in A. Error bars show mean � S.E. from three independent experiments. D, immunoblots showing c-Myc
protein levels in cells treated as in C (*, p � 0.023 and 0.027 for 1 and 3 h, respectively; **, p � 0.008 by two-tailed Student’s t test). E, occupancy of Ada3 on the
c-myc enhancer. Chromatin fragments from control (Ctrl) and Cre Ada3FL/FL MEFs cells were immunoprecipitated with anti-Ada3 antibody. Chromatin frag-
ments were prepared from Asynchronous (Asyn.) cells as well as from cells synchronized with 0.1% serum containing DMEM for 72 h (lane 0) and stimulated with
serum with indicated time points. The immunoprecipitated DNA was analyzed by PCR, using c-Myc enhancer-specific primers. Primers amplifying a region that
is 5 kb upstream of the c-Myc enhancer were used as a negative control. RNA Pol II, RNA polymerase II.
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G2/M checkpoint by treating them with nocodazole and
released them from synchrony followed by cell cycle analysis
using flow cytometry (Fig. 8C). Nocodazole-synchronized
Ada3-deleted MEFs showed a lower percentage of cells in
G2/M phase (61%) at the 0-h time point when compared with
control MEFs (80%) (Fig. 5C). On the contrary, we observed a
higher percentage (20%) of Ada3-deleted MEFs in G1 phase
when compared with controlMEFs (7%) after synchronization.
We speculate that Ada3-deficient MEFs that are exhibiting a
delay in G1 to S transition were unable to get completely syn-
chronized at G2/M checkpoint as these cells are potentially
moving slowly through the G1 to S transition and require a
prolonged treatment with nocodazole to show a complete syn-
chronization as seen in control MEFs. When we compared the
percentage of cells moving into G1 phase on release from
nocodazole treatment in both Ada3-deficient and control
MEFs, a significant impairment in G2/M to G1 transition in
Ada3-deleted MEFs was observed (Fig. 8D). Taken together,
these results demonstrate a critical role of Ada3 in both G1 to S
transition as well as G2/M to G1 transition in MEFs, indicating
that the cell proliferation defect observed in Ada3-deficient
MEFs is due to a combined defect in G1 to S as well as G2/M to
G1 transition.

DISCUSSION

Regulated cell cycle entry and progression are essential for
precise developmental programs as well as to maintain organ
homeostasis in adult animals. Although the basic components
of cell cycle have been largely defined, regulatory controlmech-
anisms that ensure orderly proliferative responses to physiolog-
ical cues and whose aberrations underlie the vast instances of
altered proliferation in cancer continue to be elucidated. We
previously identified the ADA complex component Ada3 as a
human papillomavirus E6 oncoprotein partner as well as a
coactivator of cell cycle checkpoint regulator and tumor sup-
pressor p53 (15, 20). Several in vitro studies have shown that
Ada3 is an essentially universal component of a multitude of
HAT-based transcriptional regulatory complexes (8, 9), and it
has become essential to define its physiological roles using in
vivo animal models.
Here, we demonstrate that Ada3 is essential for embryonic

development inmice and thatAda3-null embryos undergo very
early lethality. As an essential component of the transcriptional
coactivator complexes that includeHATs and promote histone
acetylation of key gene targets, Ada3 is known to be essential for
growth in yeast (16) as well as in model metazoan organisms

FIGURE 7. Ada3 deletion abrogates histone acetylation by destabilizing various HATs. A–C, Western blotting analysis of lysates from asynchronous (A and
C) or serum-restimulated (B) Ada3FL/FL or Ada3FL/FL/fhAda3 MEFs infected with control (Ctrl) or Cre adenoviruses using the indicated antibodies. D and E, Ada3
enhances p300 HAT activity. In vitro HAT assay using purified recombinant human Ada3 and core histones (D) or histone H3 alone (E) along with their respective
Ponceau blots to indicate equal loading is shown.
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such as Drosophila where Ada3 deficiency is associated with
arrest in early development (36). However, this study is the first
direct demonstration of an essential role ofAda3 inmammalian
embryonic development. Notably, the embryonic developmen-
tal block imposed by Ada3 deletion occurs very early, resulting
in arrest of development at the blastocyst stage, the stage of
embryonic development at which extensive cell proliferation
occurs (37). Notably, studies that employed gene knockouts of
subunits of several chromatin-modifying complexes, including
Gcn5, Trrap, Ep300, CBP, Hdac3, or Atac2, also lead to early
embryonic lethality (34, 38–42), consistent with an essential
role of chromatin modification machinery in mammalian
growth and development. However, except for Trrap knock-
out, which produces lethality at the blastocyst stage (42),
knockouts of other genes produce embryonic developmental
arrest at much later stages: for example, Gcn5 (E9.5–E11.5),
Ep300 (E9.5–E10.5), and Atac2 (E11.5) in comparison with

E3.5 block observed in Ada3-null mice. The relatively early
developmental arrest of Ada3-null mice when compared
with other regulators could reflect the role of Ada3 as a com-
ponent of multiple chromatin-remodeling complexes (see
Introduction and below). The distinct times of arrest seen
with Gcn5-null and Ada3-null embryos are somewhat sur-
prising and suggest the possibility that Ada3 may mediate
early developmental roles through complexes in which Gcn5
is not a critical component or is functionally redundant with
other HATs. Consistent with this hypothesis, we observed
that Ada3-deleted cells exhibit defects in multiple histone
acetylations and show decrease in the levels of PCAF and
p300 proteins.
We used the conditional deletion feature of themousemodel

to assess the critical functional roles of Ada3 by utilizing Cre-
dependent gene deletion in MEFs from Ada3FL/FL mice. This
system provided a clear evidence that Ada3 plays an essential

TABLE 2
List of deregulated genes involved in cell division and DNA replication
Genes down-regulated at least 1.5-fold upon loss of Ada3 as obtained from microarray analyses. The genes were classified based upon gene ontology biological processes.

Gene symbol Gene title -Fold down-regulated

Genes involved in cell division
Kifc1 Kinesin family member C1, similar to Kifc1 protein 2.0
Nfkbil1 Nuclear factor of [kappa[ light polypeptide gene enhancer in B-cells inhibitor-like 1 2.0
Fbxo5 F-box protein 5 1.8
Cenpf Centromere protein F 1.8
Cdc6 Cell division cycle 6 homolog (Saccharomyces cerevisiae) 1.7
Kntc1 Kinetochore-associated 1 1.7
Baz1b Bromodomain adjacent to zinc finger domain, 1B 1.6
Mlf1ip Myeloid leukemia factor 1 interacting protein 1.6
Myh10 Myosin, heavy polypeptide 10, non-muscle 1.6
Kif11 Kinesin family member 11 1.6
Ccna2 Cyclin A2 1.6
Smc2 Structural maintenance of chromosomes 2 1.6
Plk1 Polo-like kinase 1 (Drosophila) 1.5
Bub1b Budding uninhibited by benzimidazoles 1 homolog, � (S. cerevisiae) 1.5
Aspm asp (abnormal spindle)-like, microcephaly-associated (Drosophila) 1.5
Anln Anillin, actin-binding protein 1.5
Zwilch Zwilch, kinetochore-associated, homolog (Drosophila) 1.5
Mki67 Antigen identified by monoclonal antibody Ki 67 1.5
Mad2l1 MAD2 mitotic arrest deficient-like 1 (yeast) 1.5
Smc4 Structural maintenance of chromosomes 4 1.5
Cdca8 Cell division cycle-associated 8 1.5
Kif20b Kinesin family member 20B 1.5
Hells Helicase, lymphoid-specific 1.5
Ccnb1 Cyclin B1 1.5
Cdca3 Cell division cycle-associated 3 1.5
Nuf2 NUF2, NDC80 kinetochore complex component, homolog (S. cerevisiae) 1.5
Ndc80 NDC80 homolog, kinetochore complex component (S. cerevisiae) 1.5
Birc5 Baculoviral IAP repeat-containing 5 1.5
Bub1 Budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae) 1.5
Suv39h2 Suppressor of variegation 3–9 homolog 2 (Drosophila) 1.5
Aurkb Aurora kinase B 1.5
Wee1 WEE 1 homolog 1 (Schizosaccharomyces pombe) 1.5

Genes involved in DNA replication
Kitl Kit ligand 1.9
Prim1 DNA primase, p49 subunit 1.7
Mcm7 Minichromosome maintenance-deficient 7 (S. cerevisiae) 1.7
Ccne2 Cyclin E2 1.7
Pola1 Polymerase (DNA directed), alpha 1 1.7
Dtl Denticleless homolog (Drosophila) 1.7
Cdc6 Cell division cycle 6 homolog (S. cerevisiae) 1.7
Chtf18 CTF18, chromosome transmission fidelity factor 18 homolog (S. cerevisiae) 1.7
Nfib nuclear factor I/B 1.6
Prim1 DNA primase, p49 subunit 1.6
Orc1l Origin recognition complex, subunit 1-like (S. cerevisiae) 1.6
Rrm1 Ribonucleotide reductase M1 1.6
Rpa1 Replication protein A1 1.6
Cdt1 Chromatin licensing and DNA replication factor 1 1.6
Gins2 GINS complex subunit 2 (Psf2 homolog) 1.5
Rbbp4 Retinoblastoma-binding protein 4 1.5
Chaf1b Chromatin assembly factor 1, subunit B (p60) 1.5
Tk1 Thymidine kinase 1 1.5
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role in cell proliferation by promotingG1 to S aswell asG2/M to
G1 cell cycle progression. Furthermore, the proliferative
arrest imposed by conditional deletion of Ada3 was reversed
by ectopic expression of human Ada3, indicating that the
loss of Ada3 itself, rather than alteration of any neighboring
gene product, was responsible for the observed cell cycle
phenotype.
Cell cycle progression is a tightly regulated process and is

dependent on sequential and stringently controlled, concerted
activation of Cdks and their inhibition by Cdk inhibitors. The
novel cell cycle regulatory pathway downstream of Ada3 was
suggested by our initial analyses of alterations in the levels of
core components of mammalian cell cycle machinery. These
analyses revealed a dramatic reduction in the key propeller of
G1/S phase transition, hypophosphorylated Rb whenAda3was
deleted. Association of this defect with reduced Cdk2 activity
without a reduction in Cdk2 levels suggested the role of ele-
vated p27, which we established directly by demonstrating that
shRNA knockdown of p27 substantially alleviated the G1/S
block imposed by Ada3 deficiency. Further biochemical con-
nections were suggested by recent findings that STAGA com-
plex, which includes Ada3 as a component, enhances c-myc
transcription (32, 33). Because c-Myc is shown to regulate the
transcription of Skp2, an essential component of the SCF(Skp2)
cell cycle-associated E3 ligase that regulates p27 levels, we
sought and established evidence that cell cycle-associated Myc

transcription is Ada3-dependent and that Ada3 is required for
Skp2 transcription (which is a downstream target of Myc) and
p27 stability (regulated by SCF(Skp2)). We provided direct evi-
dence for key elements of this model, including ChIP analyses
that demonstrated the cell cycle-associated early recruitment
of Ada3 to c-myc enhancer elements. This result is consistent
with independent findings from two groups that STAGA com-
plex is recruited to c-Myc enhancer and regulates c-myc tran-
scription (32, 33). In addition to control of c-myc gene tran-
scription by Ada3-containing STAGA complex, studies have
shown that STAGA associates with c-Myc on c-Myc target
gene promoters and is required for efficient transcription acti-
vation by c-Myc (43, 44). This provides an additional mecha-
nism by which Ada3 could control c-Myc-driven target
genes that regulate cell proliferation. Thus, Ada3 might be
involved in controlling both c-myc transcription as well as
c-Myc function. Consistent with our observations, it is note-
worthy that c-myc knock-out mice are embryonic lethal (45).
Defective regulation of c-Myc transcription by Ada3-con-
taining (STAGA or other) complexes might contribute to the
early embryonic lethality seen in Ada3-null mice; further
analyses of Myc-dependent pathways upon germline or con-
ditional deletion of Ada3 during embryogenesis should help
establish whether this is the case.
Although regulation of p27 protein stability byAda3 through

control of c-myc transcription forms an important basis for

FIGURE 8. Abnormal cell division and delayed G2/M to G1 transition in Ada3-deleted cells. A, images of Ada3FL/FL cells after 5 days of infection with
Cre adenovirus showing abnormal (fragmented, lobulated, or multi) nuclei. B, quantification of abnormal nuclei from cells infected with control (Ctrl) or
Cre adenovirus; 5 days after infection, cells were fixed and stained with Giemsa stain and scored for abnormal nuclei (at least 100 cells from each group
were counted). Error bars show mean � S.E. from three independent experiments. C, control- and Cre adenovirus-infected MEFs were treated for 20 h
with nocodazole and were harvested at the indicated time points after release, stained with PI, and subjected to FACS analysis. D, graph showing the
percentage of cells entering G1 phase after release from nocodazole treatment at various time points from experiments as in C. Error bars are mean �
S.E. from three independent experiments (*, p � 0.034; **, p � 0.0038 and 0.007 for 4 and 8 h, respectively, by two tailed Student’s t test).
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G1/S transition defects, we were not able to fully rescue the
defect in cell cycle by using p27 shRNA, suggesting the involve-
ment of other cellular pathways. To this end, examining global
histone acetylations in Ada3-deficient cells revealed dramatic
defects in histone acetylation. BecauseAda3 forms a core struc-
tural component of various different HAT complexes in the
cell, the presence ofAda3 is highly essential for structuralmain-
tenance and proper functioning of these complexes in cells.
Additionally, loss of Ada3 led to substantial depletion of impor-
tant HATs, p300, and PCAF proteins but not mRNA, which
further explains the profound defects in histone acetylation
seen upon loss of Ada3. This is consistent with the fact that
PCAF and p300 are present in Ada3-containing protein com-
plexes (8–11). These defects in histone acetylation could
explain the partial rescue upon knockdown of p27 as histone
acetylation has been shown to have an important role in the
process of DNA replication (34, 35).
Given the role of Ada3 in regulating global histone acetyla-

tion and that histone acetylation is important in transcriptional
activation of genes, we performed microarray analysis and
showed that several genes were deregulated upon Ada3 dele-
tion. Analysis of these genes by ingenuity pathway analysis
revealed the RNA post-transcriptional modification and cellu-
lar assembly and organization network as the top affected net-
work, with the cell cycle, endocrine system development and
function, and cancer network as the third most affected. The
top network affected in the microarray data is consistent with
an earlier study, which showed that Ada3-containing STAGA
complex interacts with pre-mRNA splicingmachinery, compo-
nents suggesting a role for this complex inmRNA splicing (46).
Importantly, the top biological functions affected upondeletion
of Ada3 included those involved in cell growth and prolifera-
tion with 386 deregulated genes involved in this process. Thus,
our microarray data confirmed a role of Ada3 in cell cycle pro-
gression. Additionally, some of the top physiological functions
affected upon deletion of Ada3 were those involving tissue
development and organismal survival (supplemental Table S2),
which could be linked to the early embryonic lethality observed
upon knock-out of Ada3 in mouse.
Notably, many of the genes that were involved in regulating

cell growth and proliferationwere those involved inmitosis and
some that were involved in DNA replication. This led us to
examine cell division upon deletion of Ada3. Consistent with
the microarray data, we observed massive nuclear abnormali-
ties, cell division defects, and delay in G2/M to G1 phase pro-
gression upon deletion of Ada3. Our observed phenomenon of
cell division defects upon deletion of Ada3 is consistent with a
recently published study (14). The authors showed that ATAC
HAT complex is specifically involved in regulating mitosis and
that shRNA-mediated knockdown of Ada3 or Ada2a led to
defects in cell division, which were attributed to stabilization of
cyclin A upon disruption of ATAC complex. Although we did
not observe an increase in cyclin A levels (in fact the converse)
in our system, we did observe a similar effect on nuclear abnor-
malities and a clear defect in mitosis. Furthermore, the authors
did not observe any changes in histone acetylation defects upon
depletion of Ada3, which is not consistent with our results. Of
note, Ada2a is a component of only ATAC complex; however,

Ada3 has been shown to be a core component of a number of
HAT complexes. The authors used depletion of Ada3 as an
indication of disruption of only ATAC complex; however, dele-
tion of Ada3 would affect several HAT complexes and not just
ATAC complex. Thus, deletion of Ada3 would cause disrup-
tion of several HAT complexes that function in different phases
of the cell cycle leading to defects in various phases of the cell
cycle. Based on these findings, we propose the following work-
ing model of Ada3 regulation of cell cycle progression. As part
of a chromatin-remodeling complex, likely the STAGA com-
plex, Ada3 is recruited to and modifies the c-myc transcrip-
tional regulatory elements to enhance Skp2 transcription.
This leads to destabilization of p27 by the SCF(Skp2) E3
ligase, resulting in increased Cdk2 activity and Rb phosphor-
ylation to promote G1/S progression. Additionally, Ada3, by
regulating the number of genes involved in mitosis, regulates
cell division. Lastly, Ada3 as part of ATAC and STAGA com-
plex regulates transcription of various genes by recruiting
HATs and acetylating histones. Combination of these func-
tions led to severe cell cycle defect and embryonic lethality
upon Ada3 deletion (Fig. 9). Finally, although our studies
here have focused on the role of Ada3 in cell cycle progres-
sion, future studies using cell type- or stage-specific condi-

FIGURE 9. Proposed model for the role of Ada3 in cell cycle progression.
As a core structural component of various HAT complexes, Ada3 maintains
the integrity of HAT complexes and thus regulates global histone acetylation.
Ada3 regulates G1 to S transition by controlling transcription of c-myc gene,
which in turn controls Skp2 gene expression by binding to its promoter. Skp2
as an E3 ubiquitin ligase causes timely degradation of p27 protein so that cells
can enter into S phase by increasing Cdk2 kinase activity, thus inducing
hyperphosphorylation of Rb and cell progression from G1 to S phase of cell
cycle. Additionally, through controlling global histone acetylation, Ada3 con-
trols transcription of various genes involved in cell division and is required for
cells to undergo normal mitosis and G2/M to G1 progression.
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tional deletion of Ada3 in mouse to assess its role in func-
tions other than transcriptional activation, including
optimal transcription elongation, mRNA export, and nucle-
otide excision repair, need to be explored (8, 46, 47).
In conclusion, we demonstrate that the evolutionarily

conserved Ada3 protein as an essential component of HAT
complex plays an important role in embryogenesis and cell
division. Thus, our studies identify Ada3 as a novel compo-
nent of the physiological regulation of mammalian cell cycle
progression and set the stage for future studies to assess the
role of Ada3 in cell cycle progression during in vivo physio-
logical and pathological settings. Use of Ada3FL/FL mice
should facilitate these analyses to functionally dissect the in
vivo roles of Ada3.
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escrt pathway proteins play a key 
role in sorting ubiquitinated mem-

brane receptors towards lysosomes  
providing an important mechanism for 
attenuating cell surface receptor signal-
ing. however, recent studies point to a 
positive role of escrt proteins in signal 
transduction in multiple species studied 
under physiological and pathological 
conditions. escrt components such 
as tsg101 and hrs are overexpressed 
in human cancers and tsg101 deple-
tion is detrimental for cell proliferation, 
survival and transformed phenotype of 
tumor cells. however, the mechanisms 
underlying the positive contributions 
of escrt pathway to surface recep-
tor signaling have remained unclear.  
in a recent study, we showed that tsg101 
and vps4 are essential for translocation 
of active src from endosomes to focal 
adhesion and invadopodia, thereby 
revealing a role of escrt pathway 
in promoting src-mediated migration 
and invasion. We discuss the implica-
tions of these and other recent studies  
which together suggest a role for the 
escrt pathway in recycling of endo-
cytic cargo proteins, aside from its 
role in lysosomal targeting, potentially 
explaining the positive roles of escrt 
proteins in signal transduction.

Endocytosis of cell surface receptors is a 
fundamental cell biological process. Upon 
their entry into early endosomal compart-
ments, internalized receptors undergo a 
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sorting process that determines their alter-
nate itineraries. For example, activated 
receptor tyrosine kinases (RTKs) internal-
ized upon stimulation by growth factors 
can be alternatively targeted to the lyso-
some where they are degraded or recycled 
back to the cell surface through the recy-
cling endocytic pathway for further rounds 
of growth factor binding and signaling. 
Thus, the endocytic route of internalized 
receptors can control the duration and 
strength of activation signals. Therefore, 
mechanisms that control the alternative 
lysosomal versus recycling fates of inter-
nalized receptors have received substantial 
attention in recent years. Ubiquitination 
has emerged as a key mechanism to target 
cell surface receptors for lysosomal degra-
dation. In a mechanism that is conserved 
from yeast to mammals, the sorting of 
ubiquitinated receptors is orchestrated by 
a series of protein complexes collectively 
known as Endosomal Sorting Complexes 
Required for Transport or ESCRT proteins 
(reviewed in ref. 1). The components and 
the arrangement of the currently described 
four ESCRT complexes, ESCRT-0, -I, -II 
and -III, as well as their associated pro-
teins are highly conserved. The hetero-
tetrameric ESCRT-I complex includes the 
proteins Vacuolar sorting protein (Vps) 23 
(known as Tumor suppressor gene 101 or 
Tsg101 in mammals), Vps28, Vps37 and 
Multivesicular body protein (MVB) 12. 
Tsg101 plays a key role in ESCRT-I func-
tion as it can bind to ubiquitinated recep-
tors and mediates interactions with other 
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required for the translocation of active 
c-Src tyrosine kinase (Src) from late endo-
somal/lysosomal compartment to focal 
adhesions, where Src functions to promote 
cell motility and to activate downstream 
effectors such as FAK and STAT3.15 
Additional findings (our unpublished 
observations) indicate that Tsg101 is also 
critically required for the formation of Src-
dependent structure called invadopodia, 
membrane protrusions that are known to 
mediate matrix invasion by highly invasive 
tumor cells (reviewed in ref. 16). Thus, 
Tsg101 (and ESCRT complexes) appears 
to be essential for Src activity and func-
tion, by ensuring the dynamic trafficking 
of Src to its sites of function at focal adhe-
sions and invadopodia.

These findings have several important 
implications. First, this study revealed a 
novel connection between ESCRT path-
way and the Src tyrosine kinase, the latter 
a participant in a broad range of cellular 
responses such as survival, proliferation 
and migration in normal cells as well as 
during oncogenesis. Src activity is fre-
quently elevated in a number of human 
cancers, cooperating with other oncop-
roteins to confer more invasive character-
istics to cancer cells. These findings may 
explain in part why Tsg101 plays a positive 
role in cellular signal transduction and 
why its overexpression rather than reduced 
expression is common in highly malignant 
cancers. Obviously, additional studies in 
other experimental settings will be neces-
sary to validate the functional interaction 
we have shown between Src and ESCRT 
pathway, and to test the potential role 
of this new interaction in oncogenesis. 
Should the latter be validated, ESCRT 
pathway could emerge as a potential tar-
get to develop new anticancer therapeutic 
agents.

Secondly, the demonstration that 
Tsg101 and Vps4 are required for the traf-
ficking of active Src out of late endosomes 
instead of targeting it for degradation 
expands the functional roles of ESCRT 
proteins. Other recent data further point 
to a general involvement of the ESCRT 
pathway in the recycling of endosomal 
cargo. Vps4, which is required for dynamic 
cycling of ESCRT complexes between 
the endosomal membrane and the cyto-
plasm,17 has been shown to be essential for 

essential for cell proliferation, anchorage-
independent growth, tumorigenesis and 
metastatic potential of HeLa cells and 
mouse fibroblasts in vitro and in vivo.11 
In addition, overexpression of Hrs was 
found to be associated with advanced 
malignancy and poor prognosis in human 
cancers.11 Interestingly, both positive and 
negative12,13 roles of Hrs in the signaling 
have been reported in Drosophila and 
mammalian cells, suggesting that the 
exact role of Hrs could be cell type- and 
context-dependent.

The ability of Tsg101, and perhaps 
other ESCRT proteins, to serve positive 
as well as negative roles in cellular homeo-
stasis necessitate a better understanding 
of their complex biochemical and cellu-
lar functions. In this regard, Tsg101 and 
other ESCRT proteins share some features 
of the so-called “two-faced” proteins that 
are being increasingly recognized in many 
fields and can regulate biological func-
tions in seemingly opposite ways under 
different physiological scenarios. As a 
notable example of this expanding group 
of proteins, TGFβ can exhibit an onco-
genic role in one context but an exactly 
opposite tumor suppressor role in a differ-
ent context.

The question of how ESCRT proteins 
such as Tsg101 and Hrs serve positive 
roles in cellular signaling has remained 
largely unanswered, until recently. In one 
potential scenario, the seemingly opposite 
functions of ESCRT proteins could relate 
to their distinct complexes or subcellular 
pools, although there is no clear evidence 
for this idea at this time. Alternatively, 
distinct ESCRT-mediated functions may 
reflect their diverse endosomal sorting 
roles in the context of a broad range of 
molecular targets that have vastly different 
roles in cellular homeostasis. For example, 
ESCRT pathway has been shown to pro-
mote lysosomal proteolysis of anti-prolif-
erative proteins such as E-cadherin11 and 
GSK-3,14 which can translate into positive 
cellular roles of the ESCRT pathway.

Emerging evidence that ESCRT 
proteins promote sorting of endosomal 
cargo proteins to destinations other than 
lysosomes could also underlie their posi-
tive roles in cellular signaling. Recently, 
we demonstrated that Tsg101 and Vps4, 
two well-studied ESCRT proteins, are 

ESCRT complexes via its ubiquitin-conju-
gating enzyme E2 variant (UEV) domain.

Since the lysosomal targeting of acti-
vated cell surface receptors is now a well 
accepted mechanism of signal attenu-
ation,+ much attention has naturally 
focused on the negative regulatory roles 
of the ESCRT pathway especially in the 
context of RTK signaling in mammalian 
cell systems. Yet, a large number of stud-
ies, especially those done in organismic 
contexts, have revealed essential positive 
roles of ECSRT proteins. Analyses of 
Tsg101 provide the clearest example of 
these diametrically opposite functional 
roles.

While initial identification of Tsg101 
as a transformation suppressor appar-
ently mutated in breast cancers was con-
sistent with the negative regulatory role of 
ESCRT complexes in receptor signaling, 
later studies did not confirm these find-
ings.2 Remarkably, several independent 
studies using genetic ablation approaches 
showed that Tsg101 was required for 
mouse embryonic development and 
viability of adult tissues and cells.3-5 A 
similar essential role of Tsg101 homologs 
and other ESCRT components in embry-
onic development is shown by studies in 
model organisms such as C. elegans and 
Drosophila. More recent work has shown 
that Tsg101 is overexpressed rather than 
lost in a subset of breast,5 thyroid,6 ovar-
ian7 and colon8 cancers. Furthermore, 
depletion of Tsg101 was found to impair 
tumorigenicity of several cancer cell 
lines.9,10

ESCRT proteins are increasing recog-
nized as versatile proteins functioning in 
diverse membrane abscission processes. 
Extensive studies for example have shown 
the requirement of ESCRT functions for 
retroviral budding as well as orchestrating 
several cellular processes such as autoph-
agy and cytokinesis (reviewed by ref. 1). 
These findings have painted a more com-
plex picture of the roles played by Tsg101 
as well as other ESCRT proteins.

While the seemingly positive roles in 
signal transduction have been defined 
most clearly for Tsg101, other ESCRT 
proteins are likely to behave in a simi-
lar manner. For example, the ESCRT-0 
component Hepatocyte growth factor 
receptor substrate (Hrs) was found to be 
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observations in ESCRT and endocytosis 
fields especially as it relates to cellular sig-
naling receptors.
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